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RESUMO 
 
O principal objectivo desta tese foi estudar a modulação de fluorescência induzida por nanopartículas 
de ouro (AuNPs) em fluoróforos próximos e/ou ligados à sua superfície através de moléculas de 
ácidos nucleicos. A compreensão do efeito da distância nas propriedades espectrais dos fluoróforos 
permitiria desenvolver um biossensor para caracterização de sequências de DNA e/ou RNA. 
Para estudar os efeitos fotofísicos envolvidos na modulação de fluorescência por AuNPs foi necessário 
desenvolver uma abordagem experimental que removesse o efeito da interferência óptica causada pela 
presença de AuNPs. Ao comparar as amostras com soluções referência controladas foi possível 
determinar o rendimento quântico de fluorescência e o tempo de decaimento de fluorescência de 
fluoróforos na vizinhança de AuNPs. Durante esta caracterização foram desvendados vários 
fenómenos não-fotofísicos relacionados com AuNPs, como o efeito do pH local à superfície da AuNP, 
o acoplamento do oscilador da plasmónica com o momento de transição do fluoróforo ou a agregação 
de fluoróforos induzido por AuNPs. 
O método experimental desenvolvido foi aplicado ao estudo do efeito da distância na modulação de 
fluorescência induzida por AuNPs. Usando moléculas de DNA como espaçadores, as propriedades 
fotofísicas de fluoróforos a diferentes distâncias da superfície de AuNPs mostrou uma dependência 
com a distância correspondente a 1/r
6
. 
O conhecimento adquirido sobre sistemas AuNP-DNA-fluoróforo permitiu o desenvolvimento de 
biossensores optimizados para a detecção semi-quantitativa de RNA. Partindo desse potencial 
quantitativo, foi possível desenvolver um sistema de controlo e quantificação simultânea de síntese de 
RNA in vitro. A detecção e silenciamento génico in situ foi demonstrada em mRNA de EGFP como 
prova de conceito. Uma estratégia semelhante foi utilizada com sucesso na detecção de siRNA e 
miRNA endógeno. A aplicação deste sistema à análise de microdelecções e isoformas de RNA foi 
demonstrada em alvos sintéticos. 
 
PALAVRAS-CHAVE: Fluorescência, Nanodiagnóstico, Nanopartículas, Ouro  
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ABSTRACT 
 
The main objective of this thesis was to study the fluorescence modulation induced by gold 
nanoparticles (AuNPs) on fluorophores nearby and/or bonded to the AuNPs’ surface through nuclei 
acid molecules. The understanding of the effect of distance in the spectral properties of fluorophores 
would allow the development of a biosensor for the characterisation of DNA and/or RNA sequences.  
To study the photophysics involved in the fluorescence modulation by AuNPs it was necessary to 
develop an experimental approach that removed the effect of the optical interference caused by the 
presence of AuNPs. By comparing the samples with controlled reference solutions it was possible 
determine the fluorescence quantum yield and fluorescence decay time of the fluorophores in the 
vicinity of AuNPs. During the characterisation several non-photophysical phenomena involving 
nanoparticles were unveiled, such as a local pH effect, coupling of the plasmonic oscillator with 
transition moments of the fluorophore or AuNP-induced fluorophore aggregation.  
The developed experimental method was applied to the study of the effect of distance in the 
modulation of fluorescence caused by AuNPs. Using DNA molecules as spacer, the photophysical 
properties of fluorophores at different distances of the surface of the AuNPs showed a distance-
dependence fitting into a 1/r
6
 dependence. 
The knowledge gathered on AuNP-DNA-fluorophore systems allowed for a successful semi-
quantitative detection of RNA in solution. The same system showed to be useful for the simultaneous 
quantification and control RNA synthesis in vitro. In situ detection and gene silencing was 
demonstrated by targeting EGFP mRNA as proof-of-concept. A similar approach was successfully 
achieved in siRNA and endogenous miRNA targets. The application of this system to micro-deletions 
and RNA isoforms analysis was also demonstrated in synthetic targets. 
 
 
KEYWORDS: Fluorescence, Gold, Nanodiagnostics, Nanoparticles   
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SYMBOLS AND NOTATIONS 
A – Absorbance  
Au-nanobeacon – AuNPs functionalised with hairpin-ssDNA 
Au-nanoprobe – AuNPs functionalised with ssDNA 
AuNPs – Gold Nanoparticles 
b – Absorption path length 
C – Concentration  
cDNA – complementary DNA (DNA synthesized from mRNA template) 
CW – Continuous Wave 
DEPC – Diethylpyrocarbonate  
DLS – Dynamic Light Scattering  
DNA – Deoxyribonucleic Acid 
dNTPs – Deoxyribonucleotide Triphosphate 
dsDNA – double-stranded DNA 
DTNB – 5,5’-dithio-bis(2-nitrobenzoic) acid 
DTT – DL-Dithiothreitol  
E - Efficiency of energy transfer 
EGFP – Enhanced Green Fluorescent Protein 
F(λ) – corrected fluorescence intensity in the wavelength range with the total intensity (area under the 
curve) normalized to the unity 
fluorophore@AuNPs – Fluorophore interacting with/functionalized on the AuNP surface 
FRET – Förster’s or fluorescence resonance energy transfer 
GST – Glutathione 
h – Plank’s constant 
I – Fluorescence intensity 
I
0
λ - Light intensity of the beams entering a solution 
Iλ - Light intensity of the beams leaving a solution 
J(λ) – spectral overlap between the donor emission and acceptor absorption spectra 
xvi 
 
K – Total decay constant 
k
2
 – Dipole orientator factor  
knr – Non-radiative constant 
kr – Radiative constant 
kT - Rate of energy transfer 
LASER – Light Amplification by Stimulated Emission of Radiation 
LSPR – Localised Surface Plasmon Resonance 
mRNA – Messenger RNA 
miRNA – MicroRNA  
MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 
n – Refractive index  
n(t) – Number of excited molecules at time t following excitation  
NA – Avogadro’s number 
(N)SET – (Nano)-Surface Energy Transfer  
NTP – Ribonucleotide Triphosphate 
PBS – Phosphate Buffer Saline 
PCR – Polymerase Chain Reaction 
PEG – Poly(ethylene glycol) 
PM – Photomultiplier 
r – Distance from the fluorophore to the nanoparticle or the donor and the acceptor 
R0 – Förster distance  
RhB – Rhodamine B 
Rh101 – Rhodamine 101 
RNA – Ribonucleic Acid 
RT-PCR – Reverse Transcription Polymerase Chain Reaction 
SDS – Sodium Dodecyl Sulfate  
SERS – Surface-Enhanced Raman Scattering 
siRNA – Small interfering RNA 
xvii 
 
SNPs - Single-Nucleotide Polymorphisms 
ssDNA – Single-stranded DNA 
ssRNA – single-stranded RNA  
t – Time 
T – Transmittance 
TAC – Time-to-amplitude converter  
TAE – Tris-Acetate EDTA buffer 
TCSPC – Time-correlated single photon counting 
TEM – Transmission Electron Microscopy  
(WT1)+KTS – WT1 gene with the isoform containing Lysine-Threonine-Serine 
(WT1)-KTS - WT1 gene with the isoform without Lysine-Threonine-Serine  
ε – molar absorptivity coefficient  
λ – Wavelength   
ν – Light frequency 
σ – Molecular absorption cross-section 
τ – Fluorescence lifetime 
ΦF - Fluorescence quantum yield  
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1.1. Background 
This first segment of this thesis is intended to provide a clearer perspective on the subject in study. 
Before presenting the scientific background desirable for a better understanding of the work that 
follows, I feel it is important to provide a background of its genesis. Hopefully, this will situate the 
reader as to what were the motivations of the work and explain why the work in this thesis is directed 
to the optical properties of gold nanoparticles, fluorescence and biosensors rather than any of the 
numerous other potential topics in the field of nanobiophotonics. 
The idea of using the modulation of fluorescence by gold nanoparticles and apply it to diagnostics and 
biosensing was born from an experimental setback. When I joined the laboratory, the use of gold 
nanoparticles for diagnostics was already a proficient topic there. The colorimetric properties of gold 
nanoparticles were already being used for the detection of specific DNA sequences. Simply put, DNA 
functionalised on gold nanoparticles would hybridise to a specific sequence that, when present, would 
increase the tolerance of the modified gold nanoparticles to salt-induced colour-changing aggregation. 
At an optimised ionic force the presence of the target sequence prevents the aggregation that occurs in 
its absence. Aggregation is followed by a change in the colour of the solution from red to blue. 
In 2008, the colorimetric method was still being characterised and one of the main issues revolved 
around the identification of single nucleotide polymorphisms. This method relies on the efficiency of 
hybridisation between the probe and the target. When no similar sequences are in solution no 
hybridisation is possible and the difference between signals is clear. But the identification of 
sequences that differ only by one base relies on a much thinner hybridisation balance. To understand 
this balance it is extremely important to assess how many strands are hybridising with the probes in 
each case. To do this, fluorescently labelled oligonucleotides were being used and its fluorescence in 
solution was measured after washing. The results were arbitrary. The measurements appeared random 
and results had no realistic meaning, i.e., more hybridized strands than probe strands, negative 
amounts of hybridized strands. There was obviously something happening that was not accounted for. 
A clearer insight of the literature would be necessary. After a first glimpse, it was interesting to note 
that the randomness of the results was spread throughout literature. The available information on the 
effects of metal nanoparticles in fluorescence was not coherent and was even contradictory in some 
cases. For example, some authors defended a quenching of fluorescence while others presented 
enhancement. 
Within this chaos something was clear: whether quenching or enhancement occurs, metal 
nanoparticles were modulating fluorescence. Moreover, the conditions in which the experiments were 
experimentally set up should influence the results. For example, the distance at which the fluorescent 
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molecules were from the nanoparticle was discussed as relevant to the modulation as well as the size 
and composition of the nanoparticles. 
Further digging into the literature of metal-modulated fluorescence generated even more questions. 
Can fluorescence be controlled with nanoparticles? What leads to these apparently contradictory 
results? Can the randomness of results be controlled? Can this distance-dependence effect be used as a 
ruler? Is it possible to create a gold nanoparticle-fluorescence biosensor? 
After meeting with my supervisors, I decided to answer these questions and enter this adventure with 
their guidance. The answer to these questions would not be quickly or easily answered and it would be 
a good but difficult challenge (especially for a biologist) that we thought to have little chance of 
success.  
 
1.2. Nanotechnology, nanobiotechnology and nanobiophotonics 
Nanotechnology can be described as the study and control of matter on a nanometre scale. Richard 
Feynman is considered to be the father of nanotechnology in his famous talk "There's plenty of room 
at the bottom" at an American Physical Society meeting at Caltech on December 29th, 1959 [1]. 
However, in the 1850’s Michael Faraday had already described the relation between colour and small 
size of the colloidal particles [2]. Since the 1990’s nanotechnology has boomed in terms of 
publications [3] by revealing the development of new materials and devices with a wide-range of 
applications, such as electronics, mechanics, medicine, etc. There are two main approaches for 
preparing nanostructures: top-down and bottom-up approaches. The top-down approach uses eroding 
procedures such as LASER ablation and lithography to remove and/or shape portions of larger 
materials. The bottom-up strategy builds the nanoparticle from molecular components, for example 
chemical synthesis and self-assembly.  
Nanosized materials present different properties from the ones observed at the macroscale. These 
materials have subwavelength sizes in the ultraviolet, visible and infrared region of the light spectrum. 
Because of this, the interaction of nanomaterials with light is different from the one observed for bulk 
materials. The study of this issue is usually included in the Nanophotonics field. Nanophotonics-based 
devices have revolutionized technology and potentiated the development of technologies such as near-
field scanning optical microscopy, photoassisted scanning tunnelling microscopy and surface plasmon 
optics. Nanophotonics can be defined as the science that deals with light-matter interactions at a 
nanometre scale, providing challenges for fundamental research and opportunities for new technology 
[4]. Nanophotonics has emerged with the study of new optical interactions, materials, fabrication 
techniques, and architectures, including the exploration of natural and synthetic structures such as 
photonic crystals, holey fibres, quantum dots, sub-wavelength structures and plasmonics [5,6].  
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Another interesting application of nanotechnology was found in biology/biotechnology creating a new 
field of research referred to as Nanobiotechnology. It can be considered a field that not only concerns 
the utilization of biological systems to produce functional nanostructures but also concerns the 
development and application of instruments, originally designed to generate and manipulate 
nanostructured materials to study fundamental biological processes and structures. Molecular 
diagnostics is one of the main areas that can benefit from nanobiotechnology, where the unique 
properties of nanomaterials and nanostructures can give rise to new techniques and methods for better 
diagnostics [7-9]. 
The cross-section between nanophotonics and nanobiotechnology creates a very specific field called 
nanobiophotonics that connects the application of optical properties of nanostructures and its light 
interacting properties with biology, biotechnology and medicine – Figure 1.1. In fact, the application 
of this specific field to medicine is a rapidly emerging and potentially powerful approach for disease 
protection, detection and treatment. The study of the underlying phenomena in nanosurface interaction 
mediated by biomolecules may provide insights to the development of new detection strategies able to 
lessen some of the current constraints in biodetection. This nanobiophotonics approach may potentiate 
the detection capability of biomolecules. The possibilities of this approach are almost unlimited given 
that minute changes to nanoparticles’ size and composition, labelling molecules or fluorophores’ 
properties allow for fine tuning of spectral interaction that can be used for biomolecule detection.  
The aim of this thesis is to understand the phenomena involved in nanosurface interaction between 
gold nanoparticles and fluorophores mediated by biomolecules and explore its potential as sensitive 
and robust biomolecular sensors.  
 
1.3. Interaction between light and matter 
Knowledge of the physical world is based on the interactions between light and matter. This dual 
behaviour demands the capacity to transfer energy between light and matter. This is achieved by two 
basic principles, the absorption of light by matter and the capacity of matter to retransform this energy 
back into light or to other forms of energy. 
 
1.3.1. Light absorption 
The first basic principle is normally called absorption and is achieved when a photon of a determined 
wavelength is absorbed by a molecule. Molecularly, this corresponds to an electronic transition which 
consists of the promotion of an electron from an orbital of a molecule in the ground state to an 
unoccupied orbital. The molecule is then said to be in an excited state [10]. 
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Figure 1.1. Emergence of Nanobiophotonics. Schematic representation of how interacting fields of 
science lead to Nanobiophotonics. 
 
An electronic transition will only occur if the molecule is irradiated with light with energy 
corresponding to the energy gap between both states. The energies of the orbitals involved in 
electronic transitions have fixed values, and as energy is quantised, it would be expected that 
absorption peaks in spectroscopy should be sharp peaks. However, this is only rarely observed. 
Instead, broad absorption peaks are seen. The cause for this lies on a number of vibrational energy 
levels that are available at each electronic energy level, and transitions can occur to and from different 
vibrational levels as illustrated in Figure 1.2. The situation is further complicated by the fact that 
different rotational energy levels are also available to absorbing materials (omitted from Figure 1.2.).   
Experimentally, the efficiency of light absorption at a specific wavelength (λ) by an absorbing medium 
is characterized by the absorbance (A) or the transmittance (T), defined as:  
   ( )     
  
 
  
    (Equaion 1.1)  and     ( )  
  
  
   (Equation 1.2)  
where I
0
λ and Iλ are the light intensities of the beams entering and leaving the absorbing medium, 
respectively. In many cases, the absorbance of a sample follows the Beer–Lambert Law: 
 ( )     
  
 
  
    ( )   (Equation 1.3) 
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where ε(λ) is the molar absorptivity coefficient (commonly expressed in M
-1
.cm
-1
), C is the 
concentration (in M or mol.dm
-3
) of absorbing species and b is the absorption path length (in cm) [10-
13]. Failure to obey the linear dependence of the absorbance on concentration, according to the Beer–
Lambert Law, may be due to aggregate formation at high concentrations or to the presence of other 
absorbing species. Various terms for characterizing light absorption can be found in the literature [10].  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Electronic transitions during absorption. Horizontal lines represent electronic states: 
larger lines represent the fundamental electronic states (S0, S1 and S2) while thinner lines represent 
vibrational states. Rotational states are omitted. Vertical lines represent the transition of electrons and 
arrows show the final state of each transition. The right part of the figure represents the correlation of 
the transitions with its absorption spectrum. Adapted from SpringerImages. 
 
The molar absorption coefficient expresses the ability of a molecule to absorb light in a given solvent. 
The term molar absorptivity coefficient should be used instead of molar extinction coefficient in most 
occasions. The molar absorptivity is related to the molecular absorption cross-section (σ) which 
characterizes the photon-capture area of a molecule. It can be calculated as the molar absorptivity 
coefficient divided by the Avogadro’s number NA of molecular entities contained in a unit volume of 
the absorbing medium along the light path: 
σ  
      
  
     (Equation 1.4) 
In the classical theory, absorption of light can be described by considering the molecule as an 
oscillating dipole, which introduces an entity called the oscillator strength that is directly related to the 
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integral of the absorption band. In the quantum mechanical approach, a transition moment is presented 
in order to characterise the transition between an initial state and a final state. The transition moment 
represents the transient dipole resulting from the displacement of charges during the transition [10-13]. 
The use of the Beer–Lambert law deserves further attention. In practical terms, the sample is a cuvette 
containing a solution. The absorbance must be characteristic of the absorbing species only. Therefore, 
it is important to note that in the Beer–Lambert Law, the intensity of the beam entering the solution is 
not the intensity of the incident beam on the cuvette, and that the intensity of the beam leaving the 
solution is not the intensity of the beam leaving the cuvette. There usually are contributions from 
reflection and scattering on the cuvette walls and these walls may also absorb light. Moreover, the 
solvent is assumed to have no contribution, but it may also be partially responsible for a decrease in 
intensity because of scattering and possible absorption. The contributions of the cuvette walls and the 
solvent can be taken into account [10,14] by setting an appropriate reference. 
 
1.3.2. Fluorescence 
How a molecule decays from an electronic excited state back to ground state is dependent on the 
situation. One possible pathway is that the decay of the excited state occurs with concomitant emission 
of a photon. Luminescence is the emission of light from any substance. Luminescence is formally 
divided into two categories, fluorescence and phosphorescence. The difference between these two 
categories lies on the nature of the initial and final states. In fluorescence, the excited state and the 
ground state have the same spin multiplicity and the return to the ground-state is an allowed transition 
which produces a rapid emission of a photon. In phosphorescence, the spin multiplicity of the excited 
state and the ground state are different and the return to the ground-state is a forbidden transition 
which produces slow-rated emission of photon [10,11,14,15]. 
There are also various non-emissive pathways, such as: dissipation of energy through heat via 
interactions with the solvent or vibrational or rotational changes; and interactions with second 
molecules leading to fluorescence quenching or energy transfer. Excited organic molecules can also 
relax via conversion to a triplet state and follow a secondary non-radiative relaxation step [14].  
The processes of absorption to an excited state and relaxation back to the ground state are usually 
illustrated by the Jablonski diagram. Jablonski diagrams are used in a variety of forms, to illustrate 
various processes that can occur in excited states. A simplified Jablonski diagram is shown in Figure 
1.3. This Jablonski diagram excludes a number of interactions such as quenching, energy transfer and 
solvent interactions.  
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Figure 1.3. Simplified Jablonski diagram. Vertical lines represent electronic transitions and the 
arrows point the direction of the transition: full lines represent absorption and dashed lines represent 
luminescence and internal conversion. An electron in the fundamental state can be excited by incident 
light (hνA) which leads to an electronic transition to an excited state. In the excited state this electron 
will suffer internal conversion and consequently decay to the fundamental state. This electronic 
transition to the fundamental state can occur non-radiatively or through luminescence: fluorescence 
(hνF) if the electron remains in singlet state or phosphorence (hνP) if a change in spin occurs. 
  
The transitions between the ground state and the excited state are represented as vertical lines and 
show the instantaneous nature of light absorption. Transitions occur in the femtosecond time scale 
which, in most cases, represents a timescale too short for significant displacement of nucleus of an 
atom - Franck-Condon principle. Another general property of fluorescence is that the same 
fluorescence emission spectrum is generally observed irrespective of the excitation wavelength. This 
is known as Kasha's rule [16], even though Vavilov had previously reported (in 1926) that quantum 
yields were generally independent of excitation wavelength [17]. Upon excitation into higher 
electronic and vibrational levels, the excess energy is quickly dissipated, leaving the fluorophore in the 
lowest vibrational level of S1. This relaxation takes approximately 1 ps. Because of this rapid 
relaxation, emission spectra are usually independent of the excitation wavelength.  
Analytically, the decay of an excited state to the ground state can be expressed as a decay rate. This 
rate is the sum of the rates associated to each pathway that the excited molecule can take. Therefore a 
radiative rate (kr) can be established as the rate at which a molecule decays to the ground state with 
emission of a photon. Similarly, a rate for each non-radiative pathway also exists. For practical 
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purposes, in fluorescence studies, all the non-radiative pathways’ constants are usually summed up in 
one single non-radiative constant (knr). 
 
1.3.2.1. Steady-state and Time-resolved fluorescence 
Fluorescence measurements can be broadly classified into two types of measurement: steady-state and 
time-resolved. Steady-state measurements, the most common type, are performed with constant 
illumination and observation. The sample is illuminated with a continuous beam of light, and the 
intensity or emission spectrum is recorded. Because of the nanosecond timescale of fluorescence, most 
measurements are steady-state measurements. When the sample is first exposed to light, steady state is 
reached almost immediately. The second type of measurement is time-resolved which is used for 
measuring intensity decays. For these measurements the sample is exposed to a pulse of light, where 
the pulse width is typically shorter than the decay time of the sample. The intensity decay is recorded 
with a high-speed detection system that permits the intensity to be measured on the nanosecond, 
picosecond and even femtosecond [18-20] timescale. It is important to understand the relationship 
between steady-state and time-resolved measurements. A steady-state observation is simply an 
average of the time-resolved phenomena over the intensity decay of the sample [10]. 
 
1.3.2.2. Fluorescence Quantum yields and Lifetimes 
The fluorescence quantum yield (ΦF) and lifetime (τ) are perhaps the most important characteristics of 
a fluorophore. The fluorescence quantum yield is the number of emitted photons relative to the 
number of absorbed photons. Substances with the largest quantum yields, approaching unity, such as 
rhodamine molecules, display the brightest emissions. The lifetime is also important as it represents 
the time available for the excited fluorophore to interact with other components of the system or 
diffuse in its environment.  
The fluorescence quantum yield is the ratio of the number of photons emitted to the number absorbed. 
Both radiative and non-radiative pathways will depopulate the excited state and account to the amount 
of excited states formed (amount of absorbed light). The fraction of fluorophores that decay through 
emission, and hence the quantum yield, is given by: 
Φ  
  
 
 
  
      
   (Equation 1.5) 
The quantum yield can be close to unity if the non-radiative decay is much smaller than the radiative 
decay, that is knr < kr.  
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The lifetime of the excited state is defined by the average time the molecule spends in the excited state 
prior to return to the ground state. Logically, the smaller the excited-state lifetime the higher is the 
associated rate, hence: 
  
 
 
 
 
      
   (Equation 1.6) 
Fluorescence emission is a random process, and few molecules emit their photons at precisely t = τ. 
The lifetime is an average value of the time spent in the excited state which means that for an 
exponential decay 63% of the molecules have decayed prior to t = τ and 37% decay at t > τ.  
The quantum yield and lifetime of the molecules can be modified by factors that affect either of the 
rate constants (kr or knr). Scintillators are generally chosen for their high quantum yields. These high 
yields are a result of large kr values when compared to the knr [10,11,14]. 
 
1.3.2.3. Determination of fluorescence quantum yields 
The fluorescence quantum yield is related to the efficiency of the fluorescence process. It is defined as 
the ratio between the number of emitted photons to the number of absorbed photons. The maximum 
fluorescence quantum yield is 1, which would mean that every absorbed photon results in an emitted 
photon. Hence, by definition the fluorescence quantum yield is: 
Φ  
                    
                    
  (Equation 1.7) 
Although this expression is analytically less practical than Equation 1.7, experimentally, it is clearer in 
what is needed to determine the fluorescence quantum yield – a quantification of both absorbed and 
emitted photons. The determination of fluorescence quantum yields is usually associated with high 
errors due to several technical issues that can occur. For this reason, several methods were developed 
which can be divided into either absolute or relative methods [11].  
Absolute quantum yield determination methods will present a result that is dependent on the technical 
conditions of its determination. Among the most popular are the integrated sphere method, 
calorimetric method and light scattering methods.  
The integrated sphere method relies on an apparatus called integrated sphere that can be attached to a 
spectrofluorimeter. The integrated sphere is highly reflective which means that the light entering the 
sphere can only be either absorbed or collected by the detector. The number of absorbed photons is 
calculated by comparison of the signal obtained at the excitation wavelength in presence and absence 
of the sample while the number of emitted photons is a direct reading of the integrated area of the 
fluorescence spectrum of the sample [21]. 
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Calorimetric methods rely on the changes observed in temperature or volume during irradiation. The 
basic principle of this approach is the comparison of the observed changes of a non-luminescent 
molecule and a fluorescent sample with comparable optical densities. The non-luminescent molecule 
will have a quantum yield of zero, and so, the ratio of the temperature variations in the two solutions 
provides the fraction of the absorbed energy which is lost non-radiatively in the fluorescent sample. 
This value is complementary to the fluorescence quantum yield [22]. 
Light scattering methods rely on molecules that behave as substances that reemit all the photons 
irradiated upon them without change in wavelength. These molecules are usually called ideal 
scatterers. Although no absorption or emission occurs, ideal scatterers behave as if they had a quantum 
yield of 1. The fluorescence quantum yield can then be determined by comparing a molecule’s 
fluorescence with the intensity of light due to Rayleigh scattering from the ideal scatterer solutions 
with the fluorescence of the sample solutions at the same wavelength [23]. Correction factors have to 
be introduced in order to account for the different spatial distribution  of  light  from  the  scattering  
and fluorescent  solutions  due  to  the  polarized scattered light and unpolarized fluorescence [24]. 
Relative quantum yields determination methods are based on the assumption that if two molecules are 
studied in the same apparatus, absorb the same amount of light, the integrated areas under their 
corrected fluorescence spectra will be proportional to their fluorescence quantum yields. As such, the 
relation between quantum yields and fluorescence intensity of two molecules can be expressed as: 
  
  
 
   
   
  
  
    (Equation 1.8) 
where ΦF represents the quantum yields and A represents absorbance at the respective excitation 
wavelengths. One very important factor for a proper quantum yield calculation using this method is 
the choice of the adequate reference molecule. Reference molecules should present specific properties 
in order to be more adequate. The most important of the aspects to take into account are the emission 
properties of the molecule. The reference molecule should have a broad spectrum with no fine 
structure and have a high fluorescence quantum yield. Small overlap between absorption and emission 
spectra is also favourable as it reduces the possibility of self-absorption. The reference and the sample 
should present similar absorption spectra in order to facilitate the matching of the absorbance of both 
molecules. For all the presented reasons, it requires a series of suitable reference materials to cover the 
light spectrum in the visible region [11]. 
However simple or robust the methods for determination of a fluorescence quantum yield may appear, 
there are several factors that directly affect its determination. Inner filter effect and self-absorption can 
be observed at relatively high concentrations. The linear relationship between the concentration of a 
solute and its fluorescence intensity only applies in solutions of very low absorbance. At higher 
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concentrations, correction factors must be applied. Working in lower concentrations may also avoid 
self-absorption in cases where a significant overlap between the absorption and emission spectra 
exists. Refractive index issues may also rise when reference molecules and sample molecules present 
different solution optical geometry. The errors due to refractive index changes may exist when the 
radiation passes from a high to a lower refractive index or by internal reflection of emitted light within 
the cuvette at all interfaces between zones of different refractive indices. These errors are especially 
relevant if reference and sample are in different solvents [25]. Other factors such as temperature, 
polarization of light or photostability may also affect the fluorescence quantum yield determination 
[11].  
 
1.3.2.4. Determination of fluorescence lifetimes 
Prior to further discussion of lifetime measurements, it is important to take another look at the 
meaning of τ. Consider a sample containing the fluorophore that is excited with an infinitely sharp 
pulse of light. This excitation results in an initial population (n0) of fluorophores in the excited state. 
The excited-state population decays with a rate kr + knr according to: 
  ( )
  
 (      ) ( )    (Equation 1.9)  
where n(t) is the number of excited molecules at time t following excitation. Emission is a random 
event, and each excited fluorophore has the same probability of emitting in a given period of time. 
This results in an exponential decay of the excited state population: 
 ( )     
 
 
      (Equation 1.10). 
What is observed in a fluorescence experiment is fluorescence intensity.  In turn, this intensity is 
proportional to n(t) [10,13]. Hence, the equation above can also be written in terms of the time-
dependent intensity I(t). Integration of Equation 1.10 with the intensity substituted for the number of 
molecules yields the usual expression for a single exponential decay:  
   ( )     
 
 
      (Equation 1.11) 
where I0 is the intensity at time 0. The inverse of the lifetime is the sum of the rates which depopulate 
the excited state and so the fluorescence lifetime can be determined from the slope of a plot of log I(t) 
versus t, but more commonly by fitting the data to assumed decay models. The lifetime is the average 
amount of time a fluorophore remains in the excited state following excitation. A typical result is 
represented in Figure 1.4. This can be experimentally assessed by pulse fluorometry. 
Pulse fluorometry is the most popular technique for the determination of fluorescence lifetimes (or 
decay parameters). Most instruments are based on the time-correlated single photon counting 
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(TCSPC) method. The basic principle of TCSPC is the probability of detecting a single photon at time 
t after an exciting pulse is proportional to the fluorescence intensity at that time. After timing and 
recording the single photons following a large number of exciting pulses, the fluorescence intensity 
decay curve can be reconstructed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Example of a time-correlated single photon counting decay. Representative time-
correlated single photon counting decay (black circles) for ATTO 465 in H2O at 25 ˚C (excitation at 
λ=297 nm, detection at λ=510 nm) [26]. Each circle represents the time taken by one photon to reach 
the detector since the sample was excited. The linear representations represent the best possible fitting 
to the experimental points. τ is obtained from the equation of this linear representation. 
 
An electrical pulse associated with the optical pulse is generated and routed to the start input of the 
time-to-amplitude converter (TAC). Meanwhile, the sample is excited by the optical pulse and emits 
fluorescence. The optics is tuned so that the photomultiplier detects no more than one photon for each 
exciting pulse. The corresponding electrical pulse is routed back to the stop input of the TAC. The 
latter generates an output pulse whose amplitude is directly proportional to the delay time between the 
start and the stop pulses [27]. The height analysis of this pulse is achieved by an analogue-to-digital 
converter and a multichannel analyser, which increases by one the contents of the memory channel 
corresponding to the digital value of the pulse. After a large number of excitation and detection events, 
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the histogram of pulse heights represents the fluorescence decay curve. The larger the number of 
events, the better the accuracy of the decay curve. When deconvolution is required, the time profile of 
the exciting pulse is recorded under the same conditions by replacing the sample with a scattering 
solution (Ludox – colloidal silica – or glycogen) [10,14].  
The excitation source is of major importance. Flash lamps running in air, or filled with N2, H2 or D2 
are not expensive but the excitation wavelengths are restricted to the 200–400 nm range. These deliver 
nanosecond pulses so that decay times of a few hundreds of picoseconds can be measured. 
Furthermore, the repetition rate is not high and because the number of fluorescence pulses per exciting 
pulse must be kept below 5%, the collection period may be quite long, depending on the required 
accuracy (a few tens of minutes to several hours). For long collection periods, lamp drift may become 
a problem. Lasers as excitation sources are of course much more efficient and versatile but much more 
expensive. The pulse widths are in the picosecond range with a high repetition rate. This rate must be 
limited to a few MHz in order to let the fluorescence of long lifetime samples vanish before a new 
exciting pulse is generated. Synchrotron radiation can also be used as an excitation source with the 
advantage of almost constant intensity versus wavelength over a very broad range, but the pulse width 
is in general of the order of hundreds of picosecond or not much less. The time resolution of the 
instrument is governed not only by the pulse width but also by the electronics and the detector. The 
linear time response of the TAC is most critical for obtaining accurate fluorescence decays. The 
response is more linear when the time during which the TAC is in operation and unable to respond to 
another signal is minimized. For this reason, it is better to collect the data in the reverse configuration: 
the fluorescence pulse acts as the start pulse and the corresponding excitation pulse as the stop pulse. 
In this way, only a small fraction of start pulses result in stop pulses and the collection statistics are 
better. Microchannel plate photomultipliers are preferred to standard photomultipliers, but they are 
much more expensive. They exhibit faster time responses and do not show a significant colour effect. 
With mode-locked lasers and microchannel plate photomultipliers, the instrument response in terms of 
pulse width is 30–40 ps so that decay times as short as 3–4 ps can be measured [10,14]. 
 
1.3.2.5. Fluorescence Intensity Quenching 
The intensity of fluorescence can be decreased by a wide variety of bi-molecular processes that are 
usually referred to as quenching. Quenching can be divided into collisional quenching [28,29] and 
static quenching [29,30]. Energy transfer [31] and electron transfer [32] are amongst the most relevant 
collisional quenching mechanisms. Quenching can also occur by a variety of trivial, i.e., non-
molecular mechanisms, such as attenuation of the incident light by the fluorophore itself or other 
absorbing species [11]. 
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Collisional quenching occurs when the excited-state fluorophore is deactivated upon contact with 
some other molecule in solution, usually called quencher. The fluorophore returns to the ground state 
during an encounter with the quencher but the molecules are not chemically changed in the process. A 
wide variety of molecules can act as collisional quenchers. Examples include oxygen, halogens, 
amines, and electron-deficient molecules like acrylamide. The mechanism of quenching varies with 
the fluorophore–quencher pair. For example, quenching of indole by acrylamide is probably due to 
electron transfer from indole to acrylamide, which does not occur in the ground state [11]. Quenching 
by halogen and heavy atoms occurs due to spin–orbit coupling and intersystem crossing to the triplet 
state [33].  
Static quenching or contact quenching, on the other hand, occurs when the molecules form a complex 
before excitation occurs. The complex has its own unique (non)fluorescence and absorption properties. 
For example, static quenching often occurs when, due to hydrophobic effects, dyes stack together to 
minimize contact with water and consequently form aggregates. Planar aromatic dyes that are matched 
for association through hydrophobic forces can enhance static quenching [14,34,35].  
 
1.3.2.6. Energy Transfer and Electron transfer 
Fluorescence intensity can also decrease when a molecule transfers energy to another molecule in its 
vicinity – energy transfer. Although energy transfer is usually not considered to be quenching, in the 
general sense energy transfer results in the decrease of fluorescence intensity of the donor excited 
molecule.  
The most commonly known energy transfer mechanism is the Förster Resonance Energy Transfer 
(FRET) that occurs whenever the emission spectrum of a fluorophore, called the donor, overlaps with 
the absorption spectrum of another molecule, called the acceptor [36]. Such overlap is illustrated in 
Figure 1.5. The acceptor does not need to be fluorescent, in which case, it is also a classic quenching 
mechanism. FRET does not involve emission of light by the donor since it does not derive from a re-
absorption of the light emitted from the donor. Hence, there is no intermediate photon in energy 
transfer mechanisms. The donor and acceptor are coupled by a dipole–dipole interaction. The extent of 
energy transfer is determined by the distance between the donor and acceptor, and the extent of 
spectral overlap. The distance at which energy transfer is 50% efficient is called the Förster distance 
(R0) [14,36]. 
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Figure 1.5. Spectral overlap between donor and acceptor. The spectral overlap between the 
emission spectrum of the donor (a – CdTe quantum dots in this case) and the absorption spectrum of 
the acceptor (b – neutral red in this case) represents the likeliness with which the energy from an 
excited electron in the donor will be transferred to the acceptor [37].  
 
The rate of energy transfer kT(r) can be expressed as: 
  ( )  
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)     (Equation 1.12) 
where r is the distance between the donor and acceptor and τD is the lifetime of the donor in the 
absence of energy transfer. The efficiency of energy transfer for a single donor–acceptor pair at a fixed 
distance is described below: 
E  
  
 
  
    
    (Equation 1.13) 
Hence the extent of transfer depends on the sixth power of the distance. Fortunately, the Förster 
distances are comparable in size to biological macromolecules: 20 to 60 Å. For this reason energy 
transfer has been used as a "spectroscopic ruler" for measurements of distance between sites on 
proteins [38]. The theory is adjusted for donors and acceptors that are covalently linked, free in 
solution, or contained in the restricted geometries of membranes or DNA. Additionally, depending on 
donor lifetime, diffusion can increase the extent of energy transfer [14]. 
Energy transfer can be reliably assumed to occur whenever the donors and acceptors are within the 
characteristic Forster distance, as long as a spectral overlap between both molecules occurs. Being a 
through-space interaction, the energy transfer mechanism is mostly independent of intervening 
solvent. Resonance energy transfer is a process that does not involve emission and reabsorption of 
photons. On the contrary, the theory behind energy transfer is based on the concept of molecules as 
oscillating dipoles with Coulombic interactions. As such, two oscillating dipoles with similar 
resonance frequency can behave as coupled oscillators [39]. 
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The complexity of FRET is best understood by considering a single donor and acceptor separated by a 
distance (r). The rate of transfer for a donor and acceptor separated by a distance r is given by: 
  ( )  
   
 
    
(
       (  )
         
) ∫   ( )  ( ) 
   
 
 
 (Equation 1.14) 
Where ΦD is the quantum yield of the donor in the absence of acceptor, n is the refractive index of the 
medium, NA is de Avogadro’s number, r is the distance between the donor and acceptor, τD is the 
lifetime of the donor in the absence of acceptor, FD(λ) is the corrected fluorescence intensity of the 
donor in the wavelength range with the total intensity (area under the curve) normalized to the unity, 
ε(λ) is the absorption spectra of the acceptor in extinction coefficient units (in typical units of M
-1
.cm
-
1
), k
2
 is the dipole orientator factor – usually assumed to be 2/3 as a dynamic random averaging of the 
donor and acceptor. The integral term, also represented as J(λ), corresponds to the spectral overlap 
between the donor emission and acceptor absorption spectra [14,39]. 
In practical terms, it is easier to assess the data when it is represented in distances than in transfer 
rates. So, by assuming that half the donor molecules will decay energy transfer and the other half will 
decay normally (radiative and non-radiative pathways), R0 can be estimated as: 
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 (Equation 1.15) 
Once R0 is known, the rate of energy transfer can be easily calculated (Equation 1.12) as well as the 
efficiency of energy transfer (Equation 1.13) for a given distance. Using these equations and knowing 
k
2
, n, ΦD and J(λ) and, consequently, R0, it is possible to calculate the distance between a given pair of 
donor and acceptor. 
David L. Dexter provided another mechanism of energy transfer between two interacting molecules 
[40]. Dexter’s model suggested that an excited donor group and an acceptor group might indeed 
exchange electrons to accomplish a non-radiative process. Also known as exchange or collisional 
energy transfer, because it occurs at much shorter distances than Förster energy transfer mechanism, 
Dexter energy transfer is a process in which two molecules bilaterally exchange their electrons. The 
excited donor has an electron in the lowest unoccupied orbital that is transferred to the acceptor. The 
acceptor then transfers an electron in the highest occupied orbital back to the donor. In the end, the 
acceptor is excited while the donor is in the ground state. Electron exchange is similar to FRET 
because energy is transferred to an acceptor, depends on spectral overlap of the donor and acceptor 
and is distance dependent. However, unlike the six-power dependence of Förster energy transfer, the 
reaction rate constant of Dexter energy transfer exponentially decays as the distance between these 
two parties increases [14,40]. On account of the exponential relationship to the distance, the exchange 
mechanism typically occurs within 10 Å, a much shorter distance than the 20-60 Å observed in FRET. 
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In most donor-fluorophore–quencher-acceptor situations, the Förster mechanism is more important 
than the Dexter mechanism. With both Förster and Dexter energy transfer, the shapes of the absorption 
and fluorescence spectra of the dyes are unchanged [14]. The electronic transitions are the same as 
when the molecules are isolated. Neither Förster nor Dexter mechanisms imply any chemical change 
in donor or acceptor. On the contrary, both mechanisms only cause the donor molecule to deactivate 
its’ excited state and the acceptor molecule to go from the fundamental state to an excited state. Figure 
1.6 schematically resumes both Förster and Dexter mechanisms. 
 
 
Figure 1.6. Transfer mechanisms between donor and acceptor molecules. Förster resonance 
energy transfer promotes the deactivation of the excited state of the donor by transferring the energy to 
the acceptor which, in turn, goes to the excited state. Dexter mechanism does not involve the direct 
deactivation of the donor excited state rather transferring the excited electron to the acceptor while a 
fundamental state electron of the acceptor is transferred back to the donor. 
 
1.4. Nanoparticles 
Nanoparticle as a term refers to a particle with size comprehended between a few and hundreds of 
nanometres (10
-9
 m). These can be composed of one or more inorganic compounds, such as noble 
metals, heavy metals, iron, etc. Most of them exhibit size-related properties that differ significantly 
from those observed for microparticles or bulk materials. Thus, depending on their size and 
composition peculiar properties can be observed, such as quantum confinement in semiconductor 
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nanocrystals, surface plasmon resonance in some metal nanoparticles and superparamagnetism in 
magnetic materials [41].  
Numerous techniques have been developed to synthesize noble metal nanoparticles, including 
chemical methods (e.g., chemical reduction, photochemical reduction, co-precipitation, thermal 
decomposition, hydrolysis, etc.) and physical methods (e.g., vapour deposition, laser ablation, 
grinding, etc.), whose ultimate goal is to obtain nanoparticles with a good level of homogeneity and 
provide fine control over size, shape and surface properties, in order to better take advantage of their 
unique physicochemical properties [41]. 
Metal nanoparticles have size-dependent optical properties that have been explored in many biological 
applications, such as in medicine and molecular diagnostics. Gold nanoparticles (AuNPs) are among 
the most extensively studied nanomaterials and have led to the development of various techniques and 
methods for molecular diagnostics, imaging, drug delivery and therapeutics [42-45]. Metal 
nanoparticles (including AuNPs) also present significant electronic properties, such as charge storage 
and conductivity [46] which have been used in memory devices [47-49] and molecular switches [50], 
and catalytic activity [3,51,52], a property not observed in the bulk material. 
AuNPs can be easily synthesized in sizes ranging between 3 and 200 nm in diameter and in different 
shapes. The most common AuNPs are quasi-spherically shaped, mainly due to their surface energy 
that favours the formation of spherical particles. One of the most common methods used to synthesize 
quasi-spherical AuNPs is the chemical reduction of Au(III) to Au(0) ions using sodium citrate as a 
reducing agent, a method first developed by Turkevich [53] and latter optimized by Frens [54]. In this 
approach, the citrate acts both as reducing agent and as capping agent which, as the AuNPs form, 
prevents the nanoparticles from forming larger particles and simultaneously conferring them a mild 
stability due to electrostatic repulsion between citrate-capped AuNPs [55]. Recent modifications of the 
Turkevich method have allowed a better distribution and control over the size of the AuNPs, where a 
range between 9–120 nm can be achieved just by varying the citrate/Au ratio [52,56,57]. Alternatively, 
many other aqueous- and organic-based methodologies have been developed for the controlled 
synthesis of different noble metal nanoparticles, including spherical or non-spherical, pure, alloy or 
core/shell nanoparticles of gold, silver, platinum, palladium and/or rhodium [58-60]. 
 
1.4.1. Localized Surface Plasmon Resonance 
One of the most important properties of AuNPs is their localized surface plasmon resonance (LSPR) 
which is seen as a collective oscillation of conduction electrons on the nanoparticles surface that can 
be generated through the interaction of electromagnetic waves with the nanoparticles surface electrons 
[61]. This induces dipole moments that oscillate at the respective frequency of the incident wave, 
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consequently dispersing secondary radiation in all directions. The LSPR presents them with 
exceptionally high absorption coefficients and scattering properties that allow for higher sensitivity in 
optical detection methods than conventional organic dyes [62]. AuNP solutions have an intense red 
colour, which changes to brown when the particles are small (<2 nm) and to violet in the case of 
bigger nanoparticles. The red colour originates from absorption or scattering of light around 520 nm 
by localized surface plasmons. Because the particles strongly interact with green light, they appear 
red. Surface plasmon band arises from collective movements of free electrons, which can follow 
oscillations of an electric field. The electric field of incident light couples with the conduction band 
electrons and polarizes them relative to the centre of mass of the nanoparticle [63]. This leads to a 
charge difference between the opposite surfaces of the nanoparticle, which then acts as a restoring 
force and causes dipolar oscillation of the electrons [63]. This interaction is schematically represented 
in Figure 1.7. 
 
 
 
 
 
 
 
Figure 1.7. LSPR of metal nanoparticles. Schematic representation of how the interaction of the 
electromagnetic waves with the metal NPs surface electrons generates a surface plasmon resonance 
[64]. 
 
Incident light on the nanoparticles induces the conduction electrons to oscillate collectively with a 
resonant frequency that depends on the nanoparticles’ size, shape, composition, inter-particle distance 
and environment (dielectric properties) [52,66-69]. A good example is the aggregation of AuNPs. 
When aggregation of AuNPs occurs, the inter-particle distance decreases substantially, leading to a 
pronounced change in colour from red to blue due to plasmon coupling between nanoparticles [70]. In 
addition, changing the composition of the nanoparticles to a different metal or a combination of two or 
more metals in alloy or core-shell conformation can also affect the LSPR band [71]. The LSPR 
properties of dispersed spherical metal nanoparticles can be quantitatively predicted by Mie’s 
analytical solution of Maxwell's equations for the scattering of electromagnetic radiation by spherical 
particles composed of an absorbing or non-absorbing material [72]. Based on Mie’s solution some 
22 
 
approaches have been made to calculate the absorption and scattering efficiencies as well as the 
extinction coefficient of AuNPs with different sizes and shapes [62]. 
 
1.4.2. Other optical properties 
Excitation of AuNPs with short laser pulses increases the energy of the electrons. In order to return to 
their initial state, the electrons have to lose the gained energy either as heat (phonons) or as light 
(photons). Relaxation of the excited gold nanoparticles without emission of photons proceeds through 
three steps. First, the high temperature electrons distribute their energy among all the electrons by 
electron-electron scattering in less than a picosecond [73,74]. Second, energy is transferred from 
electrons to the whole particle via electron-phonon scattering during a few picoseconds [75,76]. The 
transfer of heat from the nanoparticle to the surrounding medium via phonon-phonon scattering is the 
third step, which proceeds in hundreds of picoseconds [75,76]. The relaxation time constants are 
dependent on the excitation energy [77,78], excitation wavelength [73] and surrounding medium [79]. 
An alternative pathway for relaxation of excited electrons in gold nanoparticles is photon emission 
[80,81].  
 
1.4.3. Nanoparticle functionalisation 
The development of new biosensing and therapeutic applications based on AuNPs has been pushing 
forward the chemistry for their functionalisation with different moieties such as nucleic acids, 
antibodies, biocompatible polymers, enzymes and other proteins, in a quest for an increased 
biocompatibility and targeting specificity [82,83].  
Functionalisation of gold nanoparticles is usually achieved either by electrostatic interactions or 
covalent binding [84-87]. Electrostatic interactions can be performed by mixing charged nanoparticles 
to molecules with opposite charge which provides very simple and easy to use protocols. On the other 
hand, this type of interactions are very weak and, consequently, very sensitive to small changes in pH 
or ionic strength. On the contrary, covalent binding methods provide more stable and resistant 
functionalisation and are extremely versatile since there are several chemical groups that can 
chemically react with gold surfaces (especially thiols [88] and amine groups [89]). The fact that the 
binding to the nanoparticles surface is chemically directed also allows for spatial selectivity and 
oriented binding of the molecules. As disadvantages, these methods are usually more complex and 
time-consuming and often require molecules to be modified in order to obtain the chemical groups 
needed [82]. 
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1.5. Gold nanoparticle-fluorophore systems 
Molecular fluorophores in the vicinity of isolated colloidal metal nanoparticles usually experience 
modulation of their emission and, consequently, of the observable fluorescence [90-92]. Metal 
nanoparticles can modulate the optical properties of molecules near their metal surfaces, including 
changes to the radiative and non-radiative rate constants [93,94]. In the case of a fluorophore’s 
emission, nanoparticles have even been proposed both as enhancers and as quenchers [95,96].  
 
1.5.1. Molecular interactions in gold nanoparticle-fluorophore systems 
The vicinity of a metal nanoparticle to the photoexcited fluorophore can affect the relaxation of the 
fluorophore at least via three processes: electron transfer, energy transfer and modification of the 
radiative rate of the fluorophore. Energy and electron transfer are both non-radiative relaxation routes 
that become available for the fluorophore when combined with gold nanoparticles. Assuming all three 
possible pathways can occur simultaneously, then whether enhancement or quenching is observable 
depends on the balance between changes in radiative vs. non-radiative (including temperature 
dependent vibrational dumping and energy transfer) and photochemical pathways (e.g., photo-induced 
electron transfer) [95-97]. 
 
1.5.2. Electron transfer mechanisms  
Pyrene-functionalised gold nanoparticles were the first gold nanoparticle-based systems for which 
photoinduced electron transfer was described [84]. In this case, electron transfer takes place from 
photoexcited pyrenes to 2-3 nm gold nanoparticles. However, this requires a small distance between 
the nanoparticle and the pyrene molecules [98]. Chlorophyll molecules assembled electrostatically on 
8 nm nanoparticles transfer electrons to the particles after photoexcitation [99]. In these systems, close 
proximity between nanoparticles and fluorescent molecules is required for the electron transfer to take 
place. 
 
1.5.3. Energy transfer systems 
Electron transfer appears to be common in literature but energy transfer phenomena between 
nanostructures and fluorophores is clearly more explored [85,85,100]. As described before, energy 
transfer is divided into two major mechanisms, called Dexter and Förster energy transfers. The Dexter 
mechanism requires overlap of molecular orbitals of donor and acceptor while FRET can take place 
over longer distances and is based on Coulombic dipole-dipole interactions. 
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According to the Fermi Golden Rule [101] in the dipole approximation of energy transfer, the energy 
transfer rate is related to a product of the interaction elements of the donor and the acceptor. A single 
dipole’s interaction elements are dependent on 1/r
3
. Then, on one hand, FRET occurs between two 
independent and isolated dipoles which derives into an interaction dependent with (1/r
3
)(1/r
3
)=1/r
6
 as 
was described in the previous subchapters. On the other hand, if the interaction occurs between a 
planar structure (2D dipole array) and an isolated dipole, then the distance dependence becomes 
associated to (1/r)(1/r
3
)=1/r
4
 [87,101]. 
FRET between two dipoles can be applied in principle to gold nanoparticle-fluorophore energy 
transfer. Experiments have shown that energy transfer in systems with gold nanoparticles can range up 
to 20 nm [102], which is beyond the usual Forster range. An alternative way to face these systems is to 
treat the fluorophore as a dipole and the gold nanoparticle as a surface, which would lead to a 1/r
4
 
dependence of energy transfer rate. This mechanism has been called (nano)-surface energy transfer or 
(N)SET and has been applied to several fluorophore-gold nanoparticle systems [102,103]. This 
alternative resembles with typical FRET but R0 is determined from different physical parameters: 
quantum yield, the frequency of donor electronic transition, Fermi frequency and wave vector of the 
metal [102].  
Most of this discussion has been shortened into how the experimental results match the theoretical 
energy transfer rates of FRET or NSET. This problem has been posed in a single common equation, 
very similar to Equation 1.13 but more ambiguous: 
E  
  
 
  
    
    (Equation 1.16) 
where n=6 means a typical FRET scenario and n=4 means a SET system. 
 
1.5.4. Radiative-rate changes 
Gold nanoparticles have also been described to affect the radiative rate of a fluorophore [92,104]. 
Modification of the fluorophore radiative rate by gold nanoparticles can lead, in optimal conditions, to 
an enhancement of fluorescence intensity [105]. Change of the fluorophore radiative rate is explained 
in terms of coupling of molecular and nanoparticles dipoles [104] in which a constructive interference 
of the dipoles corresponds to increased radiative rate and possible enhancement of fluorescence 
intensity. Both radiative and non-radiative decays are dependent on the distance between the 
nanoparticle and the fluorophore and on the orientation of the fluorophore dipole to the particle 
surface. 
 
25 
 
1.5.5. Main theoretical approaches on radiative and non-radiative modulation 
One of the first models to predict the effect of small dielectric particles on the spectroscopic properties 
of molecules interacting with them was published by Joel Gersten and Abraham Nitzan in 1981 [93]. 
The Gersten-Nitzan model predicts the theoretical expressions for the quantum yields, radiative and 
non-radiative decay rates under the assumption that the nanoparticles are much smaller than the 
wavelength. The prediction is valid for different sizes, shapes and dielectric constant, which can relate 
both with the composition of the nanoparticle and the medium. The most important issues taken into 
account by this model include the total dipole of the system (and not only the nanoparticle), the 
possible additional induced dipole caused by the presence of the nanoparticle and the relative position 
of the transition moment relatively to the surface of the nanoparticle (whether they are parallel or 
perpendicular). One very important issue raised by this model is the complete dependence of the 
behaviour on the shape, size and dielectric constant of the nanoparticle. Also, it calls attention to the 
major difference observed when comparing free fluorophores with fluorophores interacting with metal 
structures and even when comparing between fluorophores interacting with nanoparticles and plane 
surfaces. The Gersten-Nitzan model is the most used model when studying nanoparticle-fluorophore 
systems. 
Another famous model for nanoparticle-fluorophore systems was proposed by Persson and Lang [106] 
in 1982 improving an earlier attempt by Chance, Prock and Silbey [94] to analyse similar situations 
using electrodynamics. Unlike what happens in Gersten-Nitzan model, this model describes the 
electron-hole pair quenching of excited states near a metal. Instead of considering the effect of a 
nanoparticle in the excited-state of a molecule it simply assumes the difference in sizes between 
nanoparticles and fluorophores is so big that the nanoparticles behave as if they were a planar metal 
structure. Under these assumptions, the dipole is considered to interact with conduction band electrons 
of the metal, which, in turn, are assumed to move freely in a semi-infinite background. This is the first 
model to discuss the theoretical modelling on the distance dependence of the nanoparticle-fluorophore 
interaction as being modulated with 1/r
4
 by a metallic surface. 
The quenching and enhancement issue was also empirically described by J. Lakowicz
 
[107] via the 
Radiating Plasmon model. According to this model the emission or quenching of a fluorophore near a 
metal structure can be predicted from the optical properties of the metal structures as calculated from 
electrodynamics, Mie theory and, ultimately, Maxwell’s equations. Lakowicz defends that the key 
issue in metal-modulated fluorescence lays in the nanoparticles’ scattering and absorption components 
of extinction. The Radiating Plasmon model predicts that quenching arises from the absorption 
component in the extinction spectrum, while enhancement is brought from the scattering contribution, 
whose relative proportions depend on the nanoparticles’ size, shape and composition [62,107]. 
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1.5.6. Experimental approaches on metal-modulated fluorescence 
Published data is not consistent in terms of experimental setup. This may be the cause for apparently 
contradictory reports. Authors analysed different sets of nanoparticles, fluorophores and spacers. 
Several crucial factors, such as the overlap between plasmon excitation and optical properties of the 
fluorophore [108,109], the distance between fluorophore [9,10] and the metallic nanosurface and the 
relative orientation of the excitation dipole and the plasmonic oscillator [110] have been described to 
influence the final output.  
Controlled single-molecule to single nanoparticle studies, reported in two independent studies have 
shown that quenching and enhancement can occur simultaneously [96,111]. The experiments are 
based on an isolated nanoparticle in an atomic force microscope (AFM) tip and immobilized 
fluorophores on a matrix. The AFM system controls distance with very high precision and the fact that 
both fluorophore and nanoparticle are immobilized permits a very tightly controlled experimental 
setup. These experiments do not replicate the behaviour of similar systems in solution as they assume 
one nanoparticle interacting with one fluorophore in a single dipole-orientation relatively to the 
surface of the nanoparticle. 
Most of the work in solution is particularly focused towards the influence of distance on the emission 
of fluorophores near metal nanoparticles. Chhabra et al [112] presented data indicating that quenching 
efficiency is proportional to 1/r
4
 according to a more recent electrodynamics theory [113,114]. 
Jennings et al also determined the quantum efficiency of FAM and cy5 on 1.5 nm gold nanoparticles 
to be dependent to 1/r
4
 [87]. On the other hand, earlier data suggested that Gersten-Nitzan model [93] 
overestimated both radiative and non-radiative constants whilst positively predicting the quantum 
efficiency of cy5 at several distances of a nanoparticle [92]. The results are not incoherent but do not 
indisputably show that the quantum efficiency is proportional to 1/ r
4
 rather than 1/ r
6
. The fact that 
different systems (AuNPs’ size, fluorophores, spacers) and different theoretical models are being used 
by different authors frustrates a global analysis.  
In solution, events other than direct fluorescence modulation can occur. Chemical events that may 
occur on a nanoparticle’s surface can merely change the molecules and consequently affect 
fluorescence. Several possible local environment fluctuations have been suggested, such as pH, salt 
concentration and local dielectric constant [93,115]; or inter-fluorophore distance dependent 
quenching like in excimer formation mechanisms [98]. Another key factor for the observed 
fluorescence modulation is the overlap between the fluorophore’s emission and the LSPR of the 
nanoparticle [109] which in turn also varies with its size, shape and composition. 
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1.6. Nanoparticles in diagnostics 
A range of highly sensitive biosensing methods for nucleic acids, proteins, antibodies, enzymes and 
other biological molecules have been developed by exploring the gold nanoparticles’ physicochemical 
properties, either based on LSPR or optical modulating properties. 
 
1.6.1. LSPR-based nanodiagnostics methods 
Colloidal gold colour change upon aggregation is the best characterized example for diagnostic 
systems using gold nanoparticles. Most of the colorimetric biosensors based on gold and/or silver 
nanoparticles have been developed considering these changes in colour generated by the plasmon 
coupling between nanoparticles upon aggregation, while other methods have used the LSPR properties 
of the noble metal nanoparticles just as a colourful reporter (i.e., making use of their scattering and/or 
absorbance properties). Some are based on the unspecific adsorption of biomolecules to non-
functionalised noble metal NPs, while others are based on functionalised noble metal nanoparticles for 
increased specificity. 
In the case of the non-functionalised nanoparticles, Li et al. took advantage of the differential 
propensity of ssDNA and dsDNA adsorption to AuNPs to develop a biosensor for DNA detection 
[116]. The free bases of ssDNA molecules interact electrostatically with the negatively charged 
surface of the citrate-capped AuNPs, which confers an increased stability to the nanoparticles upon 
increasing ionic strength. On the other hand, dsDNA molecules adsorb much less to the nanoparticles’ 
surface and do not provide stability to increasing ionic strength induced aggregation of the 
nanoparticles. Based on these observations, Li and co-workers combined AuNPs with citrate capping 
with a polymerase chain reaction (PCR) procedure, using ssDNA probes complementary to the 
amplicon. Whenever the template of the PCR is amplified, the ssDNA probes hybridize with the 
amplicon and consequently become unavailable to adsorb to the gold NPs’ surface. This way, a 
positive result (i.e., target amplification) yields a colorimetric change from red to blue upon salt 
addition, while in a negative result the colour remains unchanged. This approach has also been 
successfully explored for the detection of single-nucleotide polymorphisms (SNPs) [117,118], 
ultraviolet (UV)-induced mutagenic or carcinogenic DNA dimers [119], or to directly detect 
unamplified hepatitis C virus RNA isolated from clinical specimens [120]. Similarly, Xia and co-
workers used the same approach to develop a nearly “universal” biosensor to detect a broad range of 
targets including nucleic acids, proteins, small molecules and inorganic ions, using conjugated 
polyelectrolytes and different ssDNA aptamers or probe molecules that mediated the target detection 
[121].  
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Other approaches have used noble metal nanoparticles functionalised with different biosensing 
molecules (e.g., ssDNA, antibodies, proteins or enzymes) in order to increase specificity of the 
methods. In 1996, Mirkin et al. described the use AuNPs functionalised with thiol-modified ssDNA 
probes (Au-nanoprobes) that would form a cross-linking network upon detection of a complementary 
ssDNA target by both Au-nanoprobes [122]. This cross-linking network leads to the aggregation of the 
AuNPs causing a red-shift in the LSPR absorbance band to 574 nm – Figure 1.8.. This approach also 
allowed the identification of single nucleotide polymorphisms by controlling the temperature of 
denaturation of the cross-linked network, which presents a sharp melting transition [123,124]. When 
combined with a rolling circle amplification technique, this method allows the detection of single 
point mutations with 1 fM sensitivity [125]. 
 
 
 
 
 
Figure 1.8. Cross-linking method. A mixture of gold nanoparticles with surface-immobilized non-
complementary DNA sequences (a, b) appears red in colour. When a complementary DNA sequence 
(a’b’) is added to the solution, the particles are aggregated causing a red shift in the LSPR, thus, 
appearing purple in colour. An example is shown in the upper right where monodisperse particles (red) 
are aggregated using a complementary DNA linking sequence (purple) [124]. 
 
Other methods for specific nucleic acid detection using AuNPs functionalised with ssDNA probes 
have been developed based on their differential non-cross-linking aggregation mediated by the 
increasing ionic strength of the solution [126-132]. In the case of the non-cross-linking method 
developed by Baptista and co-workers, the differential aggregation of the Au-nanoprobes is evaluated 
upon salt addition to discriminate the presence of complementary, mismatched and non-
complementary targets in solution [127-132]. An increase in ionic strength is produced by addition of 
salt which will induce the aggregation of the Au-nanoprobes. The presence of a fully complementary 
target increases the stability of the Au-nanoprobes, while non-complementary targets will not protect 
the Au-nanoprobes from aggregation – Figure 1.9. Mismatched targets will be less effective in 
protecting the Au-nanoprobes from aggregation due to less efficient hybridisation and less stable 
structural conformation. This method has been thus far successfully applied to the detection of 
pathogenic agents [128,130] and SNP/single point mutations [132,133], as well as in gene expression 
analysis without the need for reverse transcription [129,131]. 
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1.6.2. Raman spectroscopy based nanodiagnostics methods 
A different approach was developed in 1974 when Fleishmann and co-workers demonstrated for the 
first time that Raman signals from different types of molecules could be dramatically enhanced by 
their adsorption to silver surfaces [134], as well as on other metals, as later demonstrated. Since then, 
the use of metal nanoparticles for surface-enhanced Raman scattering (SERS), mostly gold and silver 
nanoparticles, has led to the development of a wide variety of new biosensors for the detection of 
nucleic acids, antibodies, proteins and other biological molecules [135,136].  
 
 
 
 
 
 
 
 
 
 
Figure 1.9. Schematic representation of a non-crosslinking method. The assay is based on the 
increased stability of the Au-nanoprobes upon hybridisation with the complementary target in 
solution, while non-hybridized Au-nanoprobes easily aggregate once the solution's ionic strength is 
increased [129].  
 
Unlike absorption-based phenomena, Raman spectroscopy is based in a change of frequency when 
light is inelastically scattered by molecules or atoms resulting in a molecular fingerprint, information 
on molecular structure or intermolecular interaction of a specific process or molecule. The potential of 
Raman spectroscopy as biomedical diagnostics tool is rather low due to its low cross-section (~10-30 
cm
2
) that results in low sensitivity [137]. However, in 1977 two groups independently described the 
use of noble metal surfaces to enhance the Raman scattering signal of target molecules [138,139] - 
SERS. Jeanmaire and Van Duyne proposed a two-fold electromagnetic field enhancement that was 
later associated with the interaction between the incident and scattered photons with the 
nanostructure’s LSPR [140]. Simultaneously, Albrecht and Creighton suggested the source of the 
enhancement to be caused by a specific interaction between an adsorbate to the nanoparticle surface. 
Briefly, a charge transfer from the adsorbate into the empty energetic levels on the metal surface or 
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from the occupied levels of the nanoparticle’s surface to the adsorbate [141-143]. The SERS detection 
of specific biomolecules mediated by noble metal nanoparticles can be either accomplished directly or 
indirectly, through the association with a molecule with an intense and characteristic Raman signature, 
typically a fluorescent dye. Most of the methods based on SERS have taken similar approaches to 
those already described in colorimetric assays. For example, by exploring the electrostatic adsorption 
of some biomolecules to the nanoparticles’ metal surface some groups have created a metallic layer 
made of gold or silver nanoparticles aggregates to perform the detection of biomolecules and 
metabolites by SERS. Gogotsi et al. developed a SERS label-free biosensor based on a glass coated 
with AuNPs to detect and quantify nicotinic acid adenine dinucleotide phosphate (NAADP) 
molecules, which is a calcium secondary messenger that plays a crucial role in intracellular Ca
2+
 
release [144]. This system allowed for the rapid detection of 100 μM NAADP without any special 
sample purification or labelling, making it an important tool for the study of normal cell function and 
cancer development. The use of conjugated noble metal nanoparticles was also explored in SERS-
based biosensors for a more versatile and specific detection of biomolecules. In most cases, a probe 
(e.g., DNA, antibody) is functionalised to the nanoparticle or an aggregated layer of nanoparticles such 
as to create a sandwich conjugation with a Raman-labelled probe upon target detection, thus 
generating the SERS signal. An interesting combination of magnetic iron/gold core-shell nanoparticles 
with gold nanorods has also been used to specifically enumerate E. coli in water samples in a rapid 
and sensitive test [145]. In this case, the magnetic nanoparticles are used to concentrate the bacteria, 
improving the Raman signal by concentration, and the posteriorly added gold nanorods serve as 
Raman signal enhancers. 
 
1.6.3. Fluorescence based nanodiagnostics methods 
Methods based on the quenching of fluorescence have been proposed for DNA detection. May one of 
the simpler consists of fluorophore-labelled ssDNA electrostatically adsorbed onto gold nanoparticles 
[146], where the presence of a complementary target triggers des-adsorption of the newly formed 
dsDNA from the nanostructures due to the electrostatic variation between ssDNA and dsDNA, and 
fluorescence emission is restored.  
As for functionalised with thiol-modified oligonucleotides has been explored in different 
conformations. Tang and co-workers proposed a method to probe hydroxyl radicals using an AuNP-
oligonucleotide-FAM system where the hydroxyl radical promotes strand breakage and consequent 
release of FAM, restoring the previously quenched fluorescence [147]. The same quenching 
mechanism was used to detect specific DNA strands using two probes (one with an AuNP label and 
another labelled with TAMRA) that hybridize to two DNA sequences near each other [148], bringing 
the probes close enough to quench fluorescence emission. Phillips and co-workers developed an array 
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of AuNP–conjugated polymer constructs for bacterial sensing [149]. The efficient quenching ability of 
AuNPs coupled with the molecular-wire effect of conjugated polymer compounds generated a 
pronounced fluorescence response mediated by the binding strength of the bacterium to the AuNP. 
Through this approach, the authors successfully differentiated twelve different bacteria using only 
three systems. On another approach, noble metal nanoprobes can be combined with dye-labelled 
ssDNA probes to detect specific nucleic acid targets by FRET/NSET mediated mechanisms – Figure 
1.10 B. One method is to design such probes to harbour complementary and contiguous sequences to 
the target, in such way that upon target hybridisation the dye is forced to approach the nanoparticle’s 
surface and the fluorescent signal consequently decreases [148] – Figure 1.10C. Another method is to 
hybridize the dye-labelled ssDNA directly to the nanoprobes and detect specific target DNA 
sequences based on strand displacement of the fluorescent probe [150]. For example, in the presence 
of a fully complementary long ssDNA targets, the short dye-labelled DNA strand is displaced and, as a 
result, the fluorescence that was initially quenched by the nanoparticle is restored. Through this 
approach, the signal-to-noise ratio and detection limit of 50 pM is significantly improved when 
compared to similar probes using organic acceptors as reported by Mo and co-workers [150].  
 
 
 
 
 
 
Figure 1.10. Different approaches for fluorescent-based noble metal NPs biosensing. (A) 
molecular nanobeacon and (B) other nanoprobes. Distance to the nanoparticle determines the 
fluorescence signal that is observed. Distances are not represented to the scale [A151]. 
 
Particular interest has been given to hairpin-DNA functionalised nanoparticles. In this, case, the 
hairpin structure leads the fluorescent dye moiety to the proximity of the nanoparticle’s surface and, 
consequently, to the quenching of fluorescence. In the presence of a complementary DNA/RNA target, 
the hairpin structure is disrupted by target hybridisation and fluorescence is restored. Several methods 
have been developed based on this approach to monitor specific nucleic acid hybridisations as well as 
cleavage processes mediated by nucleases, mainly using AuNPs [146] – Figure 1.10A. For example, 
Dubertret and co-workers reported the use of molecular nanobeacons based on 1.4 nm AuNPs to 
detect single-base mismatches in DNA with a 100-fold increase in sensitivity when compared to 
conventional molecular beacons [152]. Similarly, Benia et al. used molecular nanobeacons based on 
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13 nm AuNPs to successfully detect a mutation associated to cystic fibrosis using just 1 nM of target 
[153]. They have also shown that the use of AuNPs larger than 13 nm for molecular nanobeacons is 
not recommended due to the fact that larger nanoparticles present relevant quenching efficiency even 
at large fluorophore–nanoparticle separation lengths, despite the fact that they could carry a higher 
number of molecular beacons. 
Proteins have also been probed through nanoparticle fluorescence-mediated systems, for example 
human blood proteins have been let to interact with fluorescent AuNPs and detected through 
quenching [154]. In another example, a sandwich immunoassay using AuNPs quenching has been 
proposed for the detection of the protein cardiac troponin T by its interaction with two different 
antibodies, one attached to AuNPs and the other labelled with fluorescent dyes [155]. By means of an 
opposite modulation, infrared fluorescent nanoparticles showed enhanced fluorescence when 
interacting with protein [156]. Guirgis and co-workers developed an immunoassay to detect malaria 
based on the fluorescence quenching of Cy3B-labeled recombinant Plasmodium falciparum heat shock 
protein 70 (PfHsp70) upon binding to AuNPs functionalised with an anti-Hsp70 monoclonal antibody 
[157]. Upon competition with the free antigen, the Cy3B-labeled recombinant PfHsp70 is released to 
solution resulting in an increase of fluorescence intensity. The interaction of human blood proteins 
with AuNPs has also been studied by letting the proteins interact with fluorescent AuNPs and 
performing the detection through quenching [154]. 
 
1.7. Scope of the thesis 
The expansion of nanobiophotonics led to a boom in innovative tools for several adjacent scientific 
fields. The potential of the application of nanophotonics devices to diagnostics is one of the most 
explored areas and the influence of nanoparticles on fluorescence is one of the main focuses. Gold 
nanoparticles are already vastly used in diagnostics and the possibility to use fluorescence-modulated 
systems has widened the horizons for a broad range of sensitive and adaptable systems. One 
interesting topic lies on the distance-dependence of the modulation of gold nanoparticles on 
fluorescence.  
Nonetheless, the background behind the interaction between nanoparticles and fluorophores is still 
unclear. There are several proposed theoretical models and these are arguably capable of describing 
what is observed in experimental data. Moreover, optical interferences caused by nanoparticles’ 
presence in solution are not usually taken into account, i.e., optical filter created by the nanoparticles, 
the light scattered back from the nanoparticles, physic-chemical changes at the surface of 
nanoparticles. These effects are only very rarely considered and may play an important part in the 
experimental characterization of the nanoparticle-fluorophore systems. 
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Considering this issue, a nanoparticle-fluorophore system was developed to explore an experimental 
approach for the photophysical characterization of a fluorophore at the surface of AuNPs. The 
approach should rely on the experimental assurance that the reference fluorophores were in the same 
optical conditions of those of the AuNP-fluorophore conjugates. The relevance of introducing 
corrections for the inner filter effect and the reabsorption of the emitted light caused by AuNPs was 
assessed. In order to understand the underlying mechanisms involved in emission changes, it was 
essential to accurately determine the radiative and non-radiative rate constants. This demanded 
independent measurements of fluorescence quantum yields and fluorescence decay-times. The 
developed approach also allowed an evaluation of the distance influence in the effect of the 
nanoparticles on the emission of the fluorophores using ssDNA strands with crescent number of 
nucleotides as spacer molecules.  
Finally, this thesis demonstrated the advantages of applying the studied fluorescent nanorulers with 
gold nanoparticles to biosensing in complex and challenging biological problems such as monitoring 
and controlling RNA synthesis in vitro and in situ. The potential of the distance-dependence of this 
nanobiophotonics system was further explored by assessing microdeletion in vitro. 
 
 
  
34 
 
  
35 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2. Materials and Methods 
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2.1. General Information 
All chemicals were purchased from Sigma Aldrich in the highest purity available and used without 
further purification unless stated otherwise. All oligonucleotides were purchased from STAB Vida 
(Lisbon, Portugal). All aqueous solutions were sterilized using autoclave when possible or sterile 
filters as an alternative. All aqueous solutions used for RNA handling were prepared with milli-Q 
water (18.3 MΩ.cm at room temperature) treated with Diethylpyrocarbonate (DEPC, 0.1% (v/v)) for at 
least 16 hours before being sterilized in the autoclave. 
Absorption spectra were recorded on a Nicolet Evolution 300 UV/Visible spectrophotometer (Thermo 
Electron Corporation, USA). Fluorescence spectra were recorded on a Fluorescence 
Spectrophotometer Cary Eclipse with Peltier thermostated accessory (Varian, USA). The emission 
spectra related to the characterization of the system (Chapter 4) were collected with 2.5 nm slit 
bandwidth for excitation and emission. The emission spectra related with the application of the system 
to biological applications (Chapter 5) were collected with 5 nm slit bandwidth for excitation and 
emission. Absorption and emission spectra related to the characterization of fluorophores at the 
surface of AuNPs were recorded using standard 1x1 cm quartz cuvettes (101-QS, Hellma Analytics, 
Germany). Absorption and emission spectra related to the characterization of oligonucleotide modified 
with fluorophores at the surface of AuNPs were recorded using Ultra-microvolume quartz cuvettes 
105.202-QS and 105.251-QS, respectively. 
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2.2. Oligonuleotides 
Table 2.1. Unmodified oligonucleotides 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.2. Oligonucleotides modified at 5’ with Thiol-C6 group and/or at 3’ with a fluorophore  
Oligonucleotide Nucleotide Sequence (5’-3’) 
RepNB_comp TGAAACACAAACTTGAACAGCTA 
NEG GGGTGGTGCAAATAGTAACGG 
MYCforward GCTCATTTCTGAAGAGGACTTGT 
MYCreverse AGGCAGTTTACATTATGGCTAAATC 
T7-MYCforward TAATACGACTCACTATAGGGAGAGCTCATTTCTGAAGAGGACTTGT 
T7 primer TAATACGACTCACTATAGGGAGA 
WT1+KTS GGACTCATACAGGTAAAACAAGTGAAAAGCCCTTCAGCTG 
WT1-KTS GGACTCATACAGGTGAAAAGCCCTTCAGCTG 
NEG2 TGTCGATCAGCTGGTCCACCGAACGAACAAGGCTGTGT CCTCGG 
Antisense target CACCAUGGAGAGCGACGA 
anti EGFP siRNA 
Sense: GCAUGACCAACAAGAUGAAUU 
Antisense: UUCAUCUUGUUGGUCAUGCUU 
nonsense siRNA 
Sense: AAUUCUCCGAACGUGUCACGUUU 
Antisense: UUUUAAGAGGCUUGCACAGUGCA 
EGFP forward AGCTTCGAATTCTGCAGTCG 
EGFP reverse GGCTGATTATGATCTAGAGTC 
miR-21 target UAGCUUAUCAGACUGAUGUUGA 
miR-21 loop TGTTGCCATGAGATTCAACAGTCAACATCAGTCTGATAAGCTACCCGACA 
miR-21 forward GCCGCTAGCTTATCAGACTGATGT 
β-actin forward ATAGCACAGCCTGGATAGCAAC 
β-actin reverse CACCTTCTACAATGAGCTGCGT 
Oligonucleotide Nucleotide Sequence (5’-3’) Modifications 
oligotest CCAAGCTACTATTTG 5’-Thiol-C6 and 3’-6-FAM 
SNSET12 CCGTTACTATTT 5’-Thiol-C6 and 3’-6-FAM 
SNSET15 CCGTTACTATTTGCA 5’-Thiol-C6 and 3’-6-FAM 
SNSET20 CCGTTACTATTTGCACCACC 5’-Thiol-C6 and 3’-6-FAM 
SNSET25 CCGTTACTATTTGCACCACCGTCTA 5’-Thiol-C6 and 3’-6-FAM 
SNSET50 CCGTTACTATTTGCACCACCGTCTAACTATCCATACCTAGTCACTGATGC 5’-Thiol-C6 and 3’-6-FAM 
Reporter_NB TTTGCATAGCTGTTCAAGTTTGTGTTTCATGCAAA 5’-Thiol-C6 and 3’-cy3 
Inhibitor_NB TTTGCATCTCCCTATAGTGAGTCGTATTATGCAAA 5’-Thiol-C6 and 3’-6-FAM 
MYCforward_cy5 GCTCATTTCTGAAGAGGACTTGT 3’-Cy5 
WT1_S_FAM TTCGCGCAGCTGAAGGGCTTTTCACTTGTTTTACCTGTATGAGTCCCGCGAA 5’-Thiol-C6 and 3’-6-FAM 
antisense Au-nanobeacon TTTGCCTCGTCGCTCTCCATGGTGGGCAAA 5’-Thiol-C6 and 3’-cy3 
WT1+KTS_cy5 GGACTCATACAGGTAAAACAAGTGAAAAGCCCTTCAGCTG 3’-Cy5 
WT1-KTS_cy5 GGACTCATACAGGTGAAAAGCCCTTCAGCTG 3’-Cy5 
NEG2_cy5 TGTCGATCAGCTGGTCCACCGAACGAACAAGGCTGTGT CCTCGG 3’-Cy5 
anti-siRNA Au-nanobeacon TTTGCCGCATGACCAACAAGATGAAGGCAAA 5’-Thiol-C6 and 3’-cy3 
anti-miR Au-nanobeacon TTTGCCTCAACATCAGTCTGATAAGCTAGGCAAA 5’-Thiol-C6 and 3’-cy3 
nonsense Au-nanobeacon TTTGCCCCGTTACTATTTGCACCACGGCAAA 5’-Thiol-C6 and 3’-cy3 
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2.3. AuNPs synthesis 
All AuNPs synthesis were preceded by a careful treatment of the materials used. Namely, all glass 
materials were previously immersed overnight in freshly prepared aqua regia (1:3, HNO3:HCl) and 
later washed with milli-Q water (18.3 MΩ.cm at room temperature). All metal materials used during 
synthesis were covered with Teflon and Milli-Q H2O was used in all solutions. 
  
2.3.1. Citrate reduction method 
AuNPs were prepared using the citrate reduction method described by Turkevich [53] and later 
adapted with slight modifications by Lee and Miesel [158]. In a 500 mL round bottom flask, 225 mL 
of X mM HAuCl4 were brought to a boil while vigorously stirring. While in reflux, 25 mL of Y mM 
sodium citrate were quickly added and the mixture was kept refluxing for 15 min with continuous 
stirring. The concentration of HAuCl4 and citrate was adjusted in the attempt to synthesize AuNPs 
with different sizes. The values of X and Y for the tried synthesis are shown in Table 2.2. The 
colloidal solution was left to cool to room temperature while keeping the continuous stirring and was 
then transferred to a 250 mL Erlenmeyer flask with a ground glass cap, covered with aluminium foil 
and stored in the dark at room temperature. The AuNPs were later characterized by Transmission 
Electron Microscopy (Hitachi 8000, Japan), Dynamic Light Scattering (DLS) and UV/Vis 
Spectroscopy and their concentration was determined using the Lambert-Beer law with theoretical 
extinction coefficients calculated with the Mieplot v4107 program. 
 
2.3.2. Citrate and sodium borohydride co-reduction method 
AuNPs were prepared using a citrate and sodium borohydride co-reduction method described by Zou 
et al [159] with slight modifications. Namely, in a 100 mL Erlenmeyer, 2.5 mL of a solution of Y mM 
of citrate were added to a solution of 95 mL of X mM of HAuCl4 in vigorous stirring. After 1 min 2.5 
mL of a solution of Z mM of NaBH4 were added to the mixture. The colloidal solution was stirred for 
an additional 5 min and stored in the dark at room temperature. The values of X, Y and Z for the tried 
synthesis are shown in Table 2.2. The AuNPs were later characterized by Transmission Electron 
Microscopy (Hitachi 8000, Japan), Dynamic Light Scattering (DLS) and UV/Vis Spectroscopy. 
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Table 2.3. AuNPs synthesis reaction mixtures 
Method 
[HAuCl4] 
(X) 
[Citrate] (Y) [NaBH4] (Z) 
Citrate1 1.00 mM 38.8 mM n/a 
Citrate2 1.22 mM 52.0 mM n/a 
Citrate3 0.68 mM 35.0 mM n/a 
Co-red1 0.25 mM 0.25 mM 0.50 mM 
Co-red2 0.15 mM 0.25 mM 0.10 mM 
Co-red3 0.25 mM 0.25 mM 0.20 mM 
Co-red4 0.15 mM 0.25 mM 0.20 mM 
Co-red5 0.25 mM 0.25 mM 0.10 mM 
Co-red6 0.20 mM 0.25 mM 0.10 mM 
Co-red7 0.20 mM 0.25 mM 0.20 mM 
Co-red8 0.15 mM 0.25 mM 0.25 mM 
Co-red9 0.20 mM 0.25 mM 0.25 mM 
Co-red10 0.25 mM 0.25 M 0.25 mM 
 
2.4. AuNPs functionalisation  
2.4.1. AuNPs functionalisation with fluorophores 
2.4.1.1. AuNPs functionalisation with SAMSA 
2.4.1.1.1. Preparation of SAMSA fluorescein  
A small amount of SAMSA [(5-((2-(and-3)-S-(acetylmercapto)succinoyl)amino)fluorescein)] 
(Invitrogen, USA) powder was resuspended in 100 μL of NaOH 1M and incubated for 15 min in the 
dark at room temperature. After the incubation period 900μl of water were added to the solution. This 
solution can be used for subsequent experiments or used as stock if stored at -80ºC and protected from 
light. SAMSA should not be stored for long periods of time because it is already activated. The 
concentration of each batch was determined using the Lambert-Beer law of diluted solutions of the 
stock (εSAMSA=80000 M
-1
.cm
-1
). All manipulation of SAMSA was performed on ice. 
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2.4.1.1.2. Functionalisation of SAMSA@AuNPs surface 
The previously prepared SAMSA solution was brought to pH8 by dilution with Phosphate Buffer 10 
mM, pH8, 0.05% SDS to yield activated-SAMSA. The activated-SAMSA was then added to the 
nanoparticles and incubated overnight for functionalisation. The SAMSA@AuNP conjugates were 
centrifuged at 16000g for 20 min, the supernatant removed and the NPs resuspended in fresh buffer. 
This washing step was repeated five more times in order to remove every trace of non-bonded 
SAMSA, and absorption spectra of the supernatants taken after each washing step to ensure complete 
removal of non-bonded SAMSA. 
 
2.4.1.2. AuNPs modification with Rhodamine 101 and Rhodamine B 
Functionalisation of AuNPs with Rhodamine molecules was attained by mixing AuNPs and 
Rhodamine 101 (Rh101) or Rhodamine B (RhB) in water and incubating for 16 hours with mild 
agitation at 20ºC. The mixture was then centrifuged at 16000g for 20 min at 20 ˚C. The supernatant 
was saved for subsequent analysis and the sample resuspended in bi-distilled water. 
 
2.4.2. AuNPs functionalisation with thiolated oligonucleotides 
2.4.2.1. Simple AuNPs functionalisation with thiolated oligonucleotides 
The thiolated oligonucleotides were suspended in 1mL of 0.1M DL-dithiothreitol (DTT), extracted 
three times with ethyl acetate and further purified through a desalting NAP-5 column (Pharmacia 
Biotech, Sweden) using 10 mM phosphate buffer (pH 8) as eluent. Following oligonucleotide 
quantification via UV/Vis spectroscopy (based on number of moles - OD260 proportion given by the 
manufacturer for each oligonucleotide batch), each oligomer was added to the AuNP solution in a 
100:1 ratio. AGE I solution (2% (w/v) SDS, 10 mM phosphate buffer (pH 8)) was added to the 
mixture to achieve a final concentration of 10 mM phosphate buffer (pH 8), 0.01% (w/v) SDS. The 
solution was incubated at room temperature for 20 min. Afterwards, the ionic strength of the solution 
was increased sequentially in 50 mM NaCl increments by adding the required volume of AGE II 
solution (1.5 M NaCl, 0.01% (w/v) SDS, 10 mM phosphate buffer (pH 8)) up to a final concentration 
of 10 mM phosphate buffer (pH 8), 0.3 M NaCl, 0.01% (w/v) SDS. Following the last addition, the 
solution was left to rest for additional 16 hours at room temperature. Then, the functionalised Au-
nanoprobes were centrifuged for 20 min at 21460g, the oily precipitate washed thrice with 10 mM 
phosphate buffer (pH 8), and redispersed in 10 mM phosphate buffer (pH 8). The resulting Au-
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nanoprobes were stored in the dark at 4°C until further use and characterized by UV/Vis Spectroscopy 
and TEM. 
 
2.4.2.2. Simultaneous co-functionalisation with thiolated oligonucleotides and PEG chains 
The co-functionalisation of AuNPs with thiolated oligonucleotides and PEG chains was achieved by 
following the proceeding described in section 2.4.2.1. with modifications. Namely, after the addition 
of AGE I the solution was sonicated for 10 seconds using an ultrasound bath and incubated at room 
temperature for 20 min. After this period, 0.045 mg/mL of O-(2-Mercaptoethyl)-O’-methyl-
hexa(ethylene glycol), C15H32O7S was added to the mixture and incubated for another 20 min at room 
temperature. Afterwards, the ionic strength of the solution was increased sequentially in 50 mM NaCl 
increments by adding the required volume of AGE II solution (1.5 M NaCl, 0.01% (w/v) SDS, 10 mM 
phosphate buffer (pH 8)) up to a final concentration of 10 mM phosphate buffer (pH 8), 0.3 M NaCl, 
0.01% (w/v) SDS. After each increment, the solution was sonicated for 10 seconds and incubated at 
room temperature for 20 min before the next increment. 
Also, the functionalised Au-nanobeacons were centrifuged for 20 min at 21460g, and the oily 
precipitate washed three times with DEPC-treated H2O instead of 10 mM phosphate buffer (pH 8), and 
redispersed in DEPC-treated H2O to a final concentration in Au-nanobeacons of 15 nM. The resulting 
Au-nanobeacons were stored in the dark at 4ºC and were characterized by UV/Vis Spectroscopy and 
Transmission Electron Microscopy. 
 
2.4.2.3. Sequential co-functionalisation with PEG chains and thiolated oligonucleotides 
The co-functionalisation of AuNPs with thiolated oligonucleotides and PEG chains was achieved by 
following the proceeding described in section 2.4.2.2. with modifications.  
Namely, a solution containing 10nM of the AuNP solution was mixed with 0.003mg/mL of a 
commercial hetero-functional poly(ethylene glycol) (PEG) [O-(2-Mercaptoethyl)-O’-methyl-
hexa(ethylene glycol), C15H32O7S, 356.48 Da] in an aqueous solution of SDS (0.028%). Then, 
NaOH was added to a final concentration of 25 mM and the mixture incubated for 16 hours at room 
temperature. Excess PEG was removed by centrifugation (21.460 ×g, 30 min, 4ºC), and quantified by 
a modification of the Ellman’s Assay [160] (see section 2.5.1.2.3.). The level of PEG coverage on the 
AuNP was evaluated to be corresponding to 30% of saturation of the gold’s surface. After, the stem-
looped oligonucleotides modified with 3’-Cy3 and 5’-Thiol-C6 (STABVIDA) were added as 
described in section 2.4.2.1. The resulting Au-nanobeacons were characterized by Dynamic Light 
Scattering (Zetasizer, Malvern), Zeta Potential (Zetasizer, Malvern), UV/Vis Spectroscopy and 
Transmission Electron Microscopy. 
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2.5. Nanoconjugates characterization 
2.5.1. AuNPs functionalisation assessment 
2.5.1.1. Quantification of fluorophores at the AuNPs’ surface 
2.5.1.1.1. Quantification of SAMSA on the AuNPs’ surface 
The average amount of SAMSA per AuNP was determined by three independent methods:  
i) differential absorption spectroscopy performed by subtracting the naked AuNPs absorption 
spectrum from that of the SAMSA@AuNP conjugates (particular attention was paid to SAMSA’s 
range of absorption), and the obtained spectra used to calculate the concentration of SAMSA using the 
Lambert-Beer Law (εSAMSA=80000M
-1
cm
-1
);  
ii) subtractive assessment of fluorophore in the supernatant via accumulation of fractions 
retrieved from all the washing steps. The supernatants were obtained after centrifugation at 16000 ×g 
for 20 min at 20˚C. A standard curve with known concentrations of SAMSA was prepared in 
Phosphate Buffer 10 mM, pH8, 0.05% SDS (see Appendix II, Figure A1), and the concentration of 
non-bonded SAMSA interpolated (the amount of SAMSA bonded to the AuNPs was calculated by 
subtracting the non-bonded SAMSA from the initially added SAMSA);  
iii) reduction of the bond between the AuNPs and SAMSA by addition of 0.1M DTT 
(Dithiothreitol) and incubation overnight at room temperature. The aggregated AuNPs were 
centrifuged at 16000g for 20 min at 20˚C and the supernatant analysed by fluorescence spectroscopy 
(using a calibration curve as described in ii) – see Appendix II. Figure A2). 
 
2.5.1.1.2. Quantification of Rhodamine 101 and Rhodamine B on the AuNPs’ surface 
The average amount of Rh101 and RhB per AuNP was determined by subtractive assessment of 
fluorophore in the supernatant. This was retrieved from the UV/Visible spectrophotometric analysis of 
the supernatants of all the washing steps. The amount of fluorophore adsorbed to the AuNPs was 
calculated by subtracting amount of fluorophore measured in the supernatant from the amount of 
fluorophore initially added. 
 
2.5.1.2. Quantification of functionalised oligonucleotides and PEGs on the AuNPs 
2.5.1.2.1. Quantification of functionalised oligonucleotides on the AuNPs’ surface after simple 
functionalisation 
The amount of fluorophores/oligonucleotides per AuNP was determined by subtractive assessment of 
the number of fluorophores/oligonucleotides in the supernatant via accumulation of fractions retrieved 
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from all the washing steps. A standard curve with known concentrations of 
fluorophore/oligonucleotide was prepared in phosphate buffer 10mM, pH8 (see Appendix II, Figures 
A3 and A4), and the concentration of non-reacted fluorophore/oligonucleotide interpolated (the 
amount of fluorophore/oligonucleotides bonded to the AuNPs was calculated by subtracting the 
amounts captured in the supernatants from the initially added fluorophore/oligonucleotide).  
 
2.5.1.2.2. Quantification of functionalised oligonucleotides on the AuNPs’ surface after 
simultaneous co-functionalisation with PEG 
The amount of fluorophores/oligonucleotides per AuNP was determined by subtractive assessment of 
the number of fluorophores/oligonucleotides in the supernatant via accumulation of fractions retrieved 
from all the washing steps. A standard curve with known concentrations of 
fluorophore/oligonucleotide was prepared in phosphate buffer 10 mM, pH 8 (see Appendix II, Figure 
A5), and the concentration of non-reacted fluorophore/oligonucleotide interpolated (the amount of 
fluorophore/oligonucleotides bonded to the AuNPs was calculated by subtracting the amounts 
captured in the supernatants from the initially added fluorophore/oligonucleotide).  
 
2.5.1.2.3. Quantification of PEG chains on the AuNPs’ surface after sequential co-
functionalisation with thiolated oligonucleotides 
The excess of thiolated chains in the supernatants is quantified by interpolating a calibration curve set 
by reacting 200 μL of stock solution of the O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) in 
100 μL of phosphate buffer 0.5 M (pH7) with 7 μL of 5,5’-dithio-bis(2-nitrobenzoic) acid (DTNB) 5 
mg/mL in phosphate buffer 0.5 M (pH7), and measuring the absorbance at 412 nm after 10 minutes. 
The linear range (Appendix II, Figure A6) for the O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene 
glycol) chain obtained by this method is 0.0002–0.035 mg/mL (Abs412 = 26.034×[PEG, mg/mL] + 
0.0627). The number of exchanged chains is given by the difference between the amount determined 
by this assay and the initial amount incubated with the AuNPs. There is a point at which the 
nanoparticle becomes saturated with a thiolated layer and is not able to take up more thiolated chains - 
maximum coverage per gold nanoparticle, i.e., 0.01mg/mL of O-(2-Mercaptoethyl)-O’-methyl-
hexa(ethylene glycol) (Appendix II, Figure A6). The Au-nanobeacons were functionalised with 0.003 
mg/mL of O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) corresponding to 30% of PEG 
saturation of AuNPs’ surface (190.29±19.56 chains per nanoparticle). 
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2.5.1.2.4. Quantification of functionalised oligonucleotides on the AuNPs’ surface after 
sequential co-functionalisation with PEG 
The average number of oligonucleotides functionalised per nanoparticle was assessed following 
complete displacement of the thiolated oligonucleotides (beacons) from the AuNP by means of 
0.12mM β-Mercaptoethanol incubation for 48h. After 48 hours at room temperature, the solutions 
were centrifuged at 14500g for 20 min.  The concentration of beacon in the supernatant was measured 
by monitoring the emission spectra of FAM (Excitation at λ=490 nm) or Cy3 (Excitation at λ=530 
nm). All the AuNPs samples and the standard solutions of the thiol-oligonucleotide beacon were kept 
at the same pH and ionic strength and calibration for all measurements. Fluorescence emission was 
converted to molar concentrations of the thiol modified oligonucleotide by interpolation from a 
standard linear calibration curve (see Appendix II, Figure A7 and A8). Standard curves were prepared 
with known concentrations of beacon using the same buffer pH, salt, and β-Mercaptoethanol 
concentrations. The average number of molecular beacon strands per particle was obtained by dividing 
the oligonucleotide molar concentration by the AuNP concentration. 
 
2.5.2. Nanoconjugates physical characterization 
2.5.2.1. Transmission Electron Microscopy analysis 
Samples of nanoparticles were sent to Instituto de Ciencia e Engenharia de Materiais e Superfícies 
(ICEMS/IST), Portugal, for TEM analysis. The samples were prepared by depositing 10 µL of the as-
prepared colloidal suspensions in carbon copper grids, washing twice with 10 µL of Milli-Q water, 
and air dried. TEM was performed with a HITACHI H-8100 microscope operated at 200 kV. Particle 
size and polydispersity were determined from the TEM pictures using the imaging software Adobe 
Photoshop CS5, and by analysing at least 500 NPs. 
 
2.5.2.2. Dynamic Light Scattering 
The hydrodynamic diameter of the citrate capped AuNPs was determined by DLS using the Zetasizer 
Nano ZS system (Malvern Instruments Ltd, England). A total volume of 800 µL of 1 nM of sample 
containing AuNPs or Au-nanobeacons was first stabilized for 15 minutes at 25ºC and then a total of 15 
measurements with a minimum of 15 runs each were registered. The results were analysed using the 
software provided by the equipment manufacturer.  
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2.5.2.3. Zeta potential analysis 
The samples of Au-nanobeacons were let to stabilize for 15 minutes at 25ºC and then a total of 30 zeta 
potential measurements with 30 runs each were registered by using a Zetasizer Nano ZS (Malvern 
Instruments Ltd, England) system. The results were analysed using the software provided by the 
equipment manufacturer.  
 
2.5.2.4. Au-nanobeacon behaviour in a reductive environment 
To evaluate whether the reductive cell environment would cause detachment of the beacon from the 
AuNPs’ surface, the Au-nanobeacons resistance to DTT or glutathione (GST) was evaluated. To 
mimic the behaviour in the intra-cellular milieu, 1 nM of the Anti-miR-21 Au-nanobeacon was 
incubated with 5, 10 and 100mM of DTT or GST (Sigma-Aldrich) at 37°C for up to 24h. Fluorescence 
intensity was measured in a PerkinElmer LS45 Fluorescence Spectrometer (Varian) using an Ultra-
Micro quartz cell (Hellma) programmed to incubate the reactions for 1440 min (24 hours) at 37°C at 
15 minutes intervals (excitation/emission, 530 nm/560 nm) (Appendix II, Figure A10). The curves 
show that for concentrations of reducing agent between 5 and 10 mM, the Au-nanobeacon remains in 
its closed conformation, which demonstrate that, under physiologic intracellular conditions, 
observable Au-nanobeacon fluorescence is solely due to hybridisation to specific target. 
 
2.5.3. Photophysical characterization of the nanoconjugates  
2.5.3.1. Time-dependent spectrophotometry characterization of fluorophores@AuNPs 
2.5.3.1.1. Time-dependent UV/Visible Spectrophotometry of fluorophores@AuNPs 
Experimental assessment of the extinction coefficient variation of SAMSA, Rh101 and RhB in the 
vicinity of AuNPs was performed by differential spectra taken in a double-beam spectrophotometer. 
After establishing a baseline using two 1nM AuNPs solutions in both sample and reference beams, a 
1nM gold nanoparticle solution was positioned in the reference beam while a solution containing 1nM 
of AuNPs and freshly added fluorophores was positioned on the sample beam. The first spectrum was 
recorded immediately after the addition of the fluorophore and spectra hence forward were recorded 
with two hour intervals between 2 hours and 10 hours. A last spectrum was taken after 16 hours. 
 
2.5.3.1.2. Time-dependent spectrofluorometry of fluorophores@AuNPs 
Experimental assessment of the extinction coefficient variation of SAMSA, Rh101 and RhB in the 
vicinity of AuNPs was performed by spectrofluorometry. A cuvette containing 1 nM of AuNPs and 
freshly added fluorophores was positioned on the holder. The first spectrum was recorded immediately 
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after the addition of the fluorophore and spectra hence forward were recorded with two hour intervals 
between 2 hours and 10 hours. A last spectrum was taken after 16 hours. 
 
2.5.3.2. Fluorescence quantum yields determination 
2.5.3.2.1. Reference Molecules  
Fluorescence quantum yields (ΦF) were determined by the relative method using the fluorescence 
emission of reference solutions (Fluorescein, 5-FAM and SAMSA) for the same absorbance 
conditions. When applicable, to ensure identical absorbance, solutions were prepared using 1nM of 
AuNPs. Each fluorophore was used at a concentration that ensures an absorbance at 490 nm of 0.1. 
Fluorescence quantum yields for Fluorescein, 5-FAM and SAMSA in Phosphate Buffer 10mM, pH5, 
0.05% SDS were calculated using Fluorescein in basic ethanol as reference. The attained data were 
used to calculate the ΦF of the same fluorophores using each other as reference in presence and 
absence of AuNPs.  
 
2.5.3.2.2. SAMSA@AuNPs 
For the SAMSA@AuNP conjugates, absorbance of the fluorophore was that corresponding to the 
concentration of fluorophore bonded to the AuNPs according to the Lambert-Beer Law. All ΦF 
determinations were performed in Phosphate Buffer 10mM, pH8, 0.05% SDS. The same was done for 
5-FAM in Phosphate Buffer 10mM, pH5, 0.05% SDS in the absence of AuNPs. Excitation was at 
λ=490 nm for every experiment and absorbance for both samples and references was matched at this 
wavelength for ΦF determinations. 
 
2.5.3.2.3. Nanoprobes 
As for nanoprobes, ΦF determinations were performed in phosphate buffer 10 mM, pH8 for SNSET 
probes (Excitation wavelength of λ=490 nm). As a reference solution, the same number of 
oligonucleotides that was determined to be was added to 1 nM of AuNPs in the same buffering 
conditions. 
 
2.5.3.3. Time-resolved Fluorescence Spectroscopy Measurements 
Fluorescence lifetimes (τ) of Reference molecules, SAMSA@AuNPs and nanoprobes were measured 
via time correlated single photon counting technique (TCSPC) using two different home-built 
equipment:  
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1.  Fluorescence decays were measured via the Time Correlated Single Photon Counting technique 
(TCSPC) using a home-built equipment. The samples were excited at 460 nm using a nanoLED (IBH). 
The electronic start pulses were shaped in a constant fraction discriminator (Canberra 2126) and 
directed to a time to amplitude converter (TAC, Canberra 2145). Emission  wavelength (520 nm for 
SAMSA and oligonucleotide-FAM or 550 nm for Rhodamine 101) was selected by a monochromator 
(Oriel 77250) imaged in a fast photomultiplier (9814B Electron Tubes Inc.), the PM signal was shaped 
as before and delayed before entering the TAC as stop pulses. The analogue TAC signals were 
digitized (ADC, ND582) and stored in multichannel analyser installed in a PC (1024 channels, 1.95 
ns/ch) until 5000 counts were reached.  
2.  Fluorescence decays were measured using a home-built picosecond TCSPC apparatus described 
elsewhere [161]. The samples were excited at 532 nm (picosecond Spectra Physics mode-lock 
Tsunami* Laser (Ti:Saphire) Model 3950 with repetition rate of about 82 MHz and tuning range 700-
1000 nm, pumped by a Millenia Pro-10s, frequency-doubled continuous wave (CW), diode-pumped, 
solid-state laser). A harmonic generator model GWU-23PS (Spectra Physics) is used to produce the 
second and third harmonic from Ti:Saphire laser exciting beam frequency output. The samples were 
measured at 520 nm and the horizontally polarized output beam from the GWU (second harmonic) 
was first passed through a ThorLabs depolarizer (WDPOL-A) and after by a Glan-Thompson polarizer 
(Newport 10GT04) with vertical polarization. Emission at 90˚ geometry collected at magic angle 
polarization was detected through an Oriel CornerstoneTM 260 monochromator by a Hamamatsu 
microchannel plate photomultiplier (R3809U-50). Signal acquisition and data processing were 
performed employing a Becker & Hickl SPC-630 TCSPC module. Fluorescence decays and the 
instrumental response function where collected (4096 channels, 0.814 ps/ch), until 5000 counts at 
maximum were reached.  
The analysis of the decays was carried out with the method of modulating functions extended by 
global analysis as implemented by Striker et al [162].  
 
2.5.4. Au-nanobeacons specificity 
The capability to recognize the specific target of the Au-nanobeacons was evaluated by incubating 
each Au-nanobeacon at 1 nM with a complementary and a non-complementary target in phosphate 
buffer at pH 7. This amount of target was added so that the number of DNA strands on each Au-
nanobeacon was in a 1:5 proportion with the respective target. FAM or Cy3 fluorescence intensity as 
function of incubation time was measured every 2 min throughout 120 min with an incubation 
temperature of 37°C. FAM was excited at λ=490 nm and the respective fluorescence was collected in 
the 500-700 nm interval while cy3 was excited at 530 nm and its respective fluorescence corrected in 
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the 560-800nm interval. The area of the spectra was calculated and total intensity was plotted in 
function of time. In some cases only the initial and final points were assessed. 
Reporter and Inhibitor Au-nanobeacons were also tested under the same conditions but with the 
reaction buffer used in the experiment (see section 2.6.6): 200 mM Tris-HCl at pH 7.9, 30 mM MgCl2, 
50 mM NaCl, 10 mM spermidine and 10 mM of each NTP. 
 
2.6. Molecular and Cell Biology 
2.6.1. cDNA production 
2.6.1.1. RNA extraction 
Total RNA extracted from HL-60 cells, HCT-116 cells and kidney samples using TRIsure
TM
. HL-60 
and HCT-116 cells were directly lysed in the culture flask by adding 1ml of TRIsure
TM
 per 10cm
2
 of 
growth area and pipetting the cell lysate several times to ensure sufficient cell disruption. Around 75 
mg of Kidney samples were homogenised in 1 ml of TRIsure
TM
. The samples with TRIsure
TM
 were 
then incubated for 5 min at room temperature and 200 µL of chloroform (4˚C) was added. The tubes 
was securely closed and vigorously shaken by hand for 15 s. The samples were incubated for 3 min at 
room temperature and centrifuged at 12,000 x g for 15 min at 4°C. The aqueous phase (transparent and 
upper phase) was transferred to another tube and the organic phase (green and lower phase) and 
interphase (white and pasty layer) were discarded. The aqueous phase was mixed with 500 µL of 
isopropyl alcohol (4°C) and incubated samples for 30 min at -20°C and then transferred to -80°C for 
least another 2 h. After incubation, the samples were centrifuged at 12,000 x g for 10 min at 4°C. The 
supernatant was removed and the pellet was washed with 1 mL of 70% ethanol, vortexed and 
centrifuged at 7500 x g for 5 min at 4°C. The excess of 70% ethanol was removed and the pellet was 
air-dried (or with the help of a speed-vac). The resulting pellet was then ressuspended in DEPC-treated 
water by slow pipetting the solution up and down and, in some cases, incubation for 10 min at 55-
60°C. The extracted RNA was used right away or otherwise stored at -80°C. 
 
2.6.1.2. RT-PCR 
2.6.1.2.1. Reverse Transcription 
The extracted RNA was subjected to reverse transcription (RT) for cDNA synthesis with Revert-
AidTM M-MuLV Reverse Transcriptase (Fermentas, Vilnius, Lithuania) according to the 
manufacturer’s specifications, using 20 µM of the appropriate reverse primer (MYCreverse, 
WT1reverse), annealing at 42°C for 1 h and 70°C for 10 min to reverse transcriptase inactivation.  
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2.6.1.2.2. PCR 
Gene specific primers (MYCforward and MYCreverse, WT1forward and WT1reverse) were then used 
for the amplification of the cDNA. PCR amplification of the c-myc specific fragment was performed 
in duplicate on a MyCycler Thermocycler (Biorad) in 25 µL using 1 µM of primers, 2.5mM dNTPs 
with 1 U Taq DNA Polymerase (Amersham Biosciences, GE Healthcare, Europe, GmbH), with the 
following thermal cycling conditions: 
1. 5 min  95˚C 
2. 30 s  95˚C  
3. 30 s  62˚C 30 cycles 
4. 30 s  72˚C 
5. 5 min  72˚C 
 
PCR amplification of the WT1 RNA specific fragment was performed in duplicate on a DNAengine 
Thermocycler (Biorad) in 25 µL using 1 µM of primers, 2.5mM dNTPs with 1 U Taq DNA 
Polymerase (Amersham Biosciences, GE Healthcare, Europe, GmbH), with the following thermal 
cycling conditions: 
 
Long program 
1. 5 min  95˚C 
2. 3 min  95˚C  
3. 1 min 30 s 62˚C 45 cycles 
4. 6 min  72˚C 
5. 5 min  72˚C 
Short program 
1. 5 min  95˚C 
2. 1 min  95˚C  
3. 45 s  62˚C 30 cycles 
4. 45 s  72˚C 
5. 5 min  72˚C 
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Mixed program 
1. 5 min  95˚C 
2. 30 s  95˚C  
3. 30 s  55˚C 5 cycles 
4. 30 s  72˚C 
5. 30 s  95˚C  
6. 30 s  62˚C 25 cycles 
7. 30 s  72˚C 
8. 5 min  72˚C 
The resulting fragments were stored at 4˚C. Confirmation of correct PCR products was performed by  
agarose gel electrophoresis with TAE 1x (40mM Tris, 20mM acetic acid, 1mM EDTA) using 
conditions according to the amplicon’s size and with GelRed
TM
 staining. 
 
2.6.2. Preparation of competent E. coli cells* 
Escherichia coli cells were inoculated on a LB agar (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 171 
mM NaCl, 1.4% (w/v) of Agar, pH 7) plate and incubated at 37ºC overnight. A colony was inoculated 
in 125 mL SOB (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM 
MgCl2, 10mM MgSO4, pH 7) in a 500 mL flask, at 20ºC with vigorous shaking to OD600 = 0.5 
(normally 24 - 36 hours). The flask was placed on ice for 10 min. Cells were pelleted by spinning at 
1663 g for 10 min at 4ºC. The cells were gently resuspended in 40 mL ice-cold TB and stored on ice 
for 10 min. Cells were pelleted by spinning at 1663 g for 10 min at 4ºC. Cells were gently resuspended 
in 5 mL ice-cold TB and 350 μL DMSO (DMSO was stored at -20ºC o/n before use). Competent cells 
were aliquoted in 200 μl fractions and stored at -80ºC. 
 
2.6.3. Cloning 
2.6.3.1. Ligation 
WT1 amplicons’s band of interest was extracted, avoiding exposure to UV light, and purified using 
the GFX™ PCR DNA and Gel Band Purification Kit, following manufacturer's instructions and using 
50 μL of sterile milli-Q H2O as eluent. Using the GeneJET™ PCR Cloning Kit, 100 ng of the 
extracted DNA was inserted into a linearized blunt-end pJET1 cloning vector, following the 
manufacturer’s Sticky-End protocol.  
*Adapted from [163] 
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2.6.3.2. E. coli transformation 
Two microliters of the ligation product were added to 20 µL of E.coli competent cells and stored on 
ice for 30 min. A plasmid resulting of the transformation of pJET1 with the manufacturer’s provided 
fragment was used as positive control and as negative control the ligation product was replaced by 
sterile milli-Q water. The cells were then submitted to a heat shock at 42ºC for 90 seconds and rapidly 
transferred to ice. After 2 min on ice, 80 μL of SOC medium (similar to SOB medium but with 20 mM 
of sterile glucose after autoclaving SOB medium) were added and the cells were incubated for 1 hour 
at 37ºC. After incubation, 100 μL of the transformed competent cells were cultured on LB agar plates 
with 100 μg/mL ampicillin. The plates were left at room temperature until liquid had been absorbed 
and then incubated at 37ºC overnight. A selected transformed colony was resuspended in 25 μL of 
sterile milli-Q water. Two microliters of transformed cells were used to perform PCR using pJET1Fw 
and pJET1Rev primers to confirm insert ligation. The remaining cells were inoculated in 2 mL of LB 
medium with 100 μg/mL ampicillin and incubated at 37ºC o/n with agitation. Stock solutions of the 
transformed cells were prepared by adding 300 μL of glycerol to 700 μL of culture, and stored at -
80ºC. The remaining volume of culture was used to extract and purify the cloned plasmid. 
 
2.6.4. E. coli plasmid extraction and purification 
An E. coli colony was inoculated in 2 mL of LB medium and 100 μg/mL ampicillin and incubated at 
37ºC o/n with agitation. Cells were pelleted by spinning at 16,000 g for 2 min at 4ºC in 1.5 mL 
eppendorfs. The supernatant was discarded and the pellet was resuspended in 100 μL of ice-cold AL I 
solution. After 5 min on ice, 200 μL of AL II solution was added and mixed by inversion. After 5 min 
on ice, 150 μL of AL III solution was added and vigorously mixed by vortex. After 5 min on ice, the 
lysate was centrifuged at 21,460 g for 5 min at 4ºC. The supernatant was transferred to a sterile 
eppendorf and 2 volumes of ice-cold 100% ethanol were added. The plasmid DNA was left to 
precipitate at -20ºC overnight (or at -80ºC for 2 hours). Afterwards, the precipitate was centrifuged at 
21,460 g for 15 min at 4ºC and the supernatant was discarded. The pellet was washed with 500 μL of 
ice-cold 70% ethanol. The pellet was left to dry at room temperature (or with the help of a speed-vac) 
and resuspended in 50 μL of sterile milli-Q water. RNAse A was added to a final concentration of 25 
μg/ml and incubated for 1 hour at 37ºC. Two extractions with 1 volume of phenol were performed, 
followed by one extraction with chloroform. DNA was again precipitated at -20ºC overnight with 2 
volumes of ice-cold 100% ethanol. Afterwards, the precipitate was centrifuged at 21,460 g for 15 min 
at 4ºC and the supernatant was discarded. The pellet was washed with 500 μL of ice-cold 70% ethanol. 
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The pellet was left to dry at room temperature (or with the help of a speed-vac) and resuspended in 50 
μL of sterile milli-Q water.  
 
2.6.5. Transcription template preparation and purification 
The amplification product obtained in section 2.6.1.2.2 was re-amplified using the same reaction 
conditions and thermal cycling as above except for the forward primer that was replaced for T7-
MYCforward primer. The resulting fragment was then PCR amplified using primers MYCreverse and 
T7 primer as described above and purified through band gel extraction. Confirmation of correct PCR 
products was performed by 2% agarose gel electrophoresis stained with GelRed
TM
. This amplification 
product was used as template for in vitro transcription reactions related to MYC sequences. 
 
2.6.6. Monitoring RNA synthesis in vitro 
Standard in vitro transcription was performed in 100 μL reaction containing in vitro transcription 
buffer (200 mM Tris-HCl (pH 7.9), 30 mM MgCl2, 50 mM NaCl, 10 mM spermidine), 10 mM of each 
NTP, 0.6 µg of DNA template, and 30 U of T7 RNA polymerase (Fermentas, Vilnius, Lithuania) 
according to the manufacturer’s protocol. For the real time quantification experiments, 1 nM of the 
reporter Au-nanobeacon (labelled with Cy3) was added to each transcription reaction. When using the 
inhibitor Au-nanobeacon (labelled with FAM), 1 nM was also added to the reaction mixture. All 
measurements were performed during incubation of the reactions for 120 min at 37°C by recording the 
fluorescence intensity of the Au-nanobeacon every 2 min at an excitation wavelength of 490 nm or 
530 nm for FAM-labelled or Cy3-labeled Au-nanobeacon, respectively. After the measurements, the 
enzyme was heat inactivated for 15 min at 75°C. 
All transcription reaction products were also evaluated on a 3% agarose gel electrophoresis with 
GelRed
TM
 staining. Product quantity determination was performed by pixel intensity/counting using 
ImageJ
TM
 imaging software as previously described [164]. 
 
2.6.7. Monitoring RNA in situ 
2.6.7.1. Cell culture and EGFP vector transfection 
HCT-116 cells (from colorectal carcinoma) were grown in Dulbecco's modified Eagle's medium with 
Glutamax (DMEM, Invitrogen) with 10% heat inactivated foetal bovine serum (Invitrogen), 100 U/ml 
penicillin and 100 μg/ml streptomycin (Invitrogen) and maintained at 37ºC in 5% CO2. Cells were 
seeded at a density of 1×105 cells/well in 24-well plates and grown for 24 hours prior to transfection 
of the EGFP vector (pVisionGFP-N vector 4.7 kb, Biovision) encoding for green fluorescent protein, 
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VisionGFP, optimized for high expression in mammalian cells. On the day of transfection, EGFP 
vector (1μg per well) was added cells at approximately 50% confluence with 2µg of Lipofectamine 
2000 (Invitrogen) and Opti-MEM® Reduced Serum Medium (Invitrogen) according to the 
manufacturer’s recommendations.  
 
2.6.7.2. EGFP silencing 
2.6.7.2.1. EGFP silencing with Antisense Au-nanobeacon 
After 24 hours of EGFP transfection, cells were treated with 30 nM of Antisense Au-nanobeacons in 
Opti-MEM® Reduced Serum Medium (Invitrogen). After 48 hours, cells were washed with 1× PBS, 
lysed in water and collected for analysis of EGFP silencing, RNA extraction and confocal imaging. 
Fluorescence was measured at least 3 times in a Cary Eclipse spectrofluorimeter (Varian) using an 
Ultra-Micro quartz cell (Hellma) by taking the area under the curve from 495 to 650 nm. EGFP 
fluorescence values were normalized to the bulk protein concentration determined via the Bradford 
assay (Thermo Scientific), and then normalized against the controls to determine per cent knockdown 
of EGFP. 
 
2.6.7.2.2. EGFP silencing via siRNA and Au-nanobeacon silencing of siRNA pathway 
After 24 hours of EGFP transfection, cells were treated with 10 nM of siRNA for EGFP using 1.5 µg 
of Lipofectamine 2000 (Invitrogen) and Opti-MEM® Reduced Serum Medium (Invitrogen) according 
to the manufacturer’s recommendations. EGFP silencing was evaluated as described above. For Au-
nanobeacon silencing of siRNA evaluation, 10 nM (concentration of beacon on NP) of Anti-siRNA 
Au-nanobeacon were added to the media with 10 nM of siRNA with several delays of incubation (0.5, 
1, 3, 6 and 24 hours). After 48 hours, the cells were washed in 1× PBS, lysed with water and collected 
for analysis of EGFP recovery as above. 
 
2.6.7.3. microRNA-21 silencing using Au-nanobeacons 
Cells were seeded at a density of 1×105 cells/well in 24-well plates and grown for 24 hours prior to 
incubation with 10, 30 and 50 nM Anti-miR-21 Au-nanobeacon for 24, 48 and 72 hours. After 24, 48 
and 72 hours, cells were washed with 1× PBS, lysed and collected for RNA extraction and confocal 
imaging. 
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2.6.8. Real-time RT-PCR 
2.6.8.1. Real-time RT-PCR after in vitro transcription 
To evaluate the expression of the c-myc transcript, Real-time RT-PCR was performed. Real-Time 
PCR amplification was performed in a Corbett Research Rotor-Gene RG3000 using SYBR GreenER 
Real-Time PCR Kit (Invitrogen) according to manufacturer’s specifications in 50 μl reactions 
containing 6 µl of cDNA from HCT-116 cells, 1× SYBR Green SuperMix and 200 nM of primers – 
MYCforward and MYCreverse. The amplification cycle conditions consisted of: 
 
1. 2 min  50˚C 
2. 10 min  95˚C 
3. 30 s  95˚C  
4. 30 s  60˚C 50 cycles 
5. 30 s  72˚C 
6. 10 min  72˚C 
Data was collected from three independent experiments. 
 
2.6.8.2. Real-time RT-PCR after silencing 
Total RNA was extracted from the cell line as explained earlier and used for qRT-PCR to evaluate 
expression of EGFP, miR-21 and -actin. cDNA was attained by subjecting 1µg of total RNA to 
Reverse Transcriptase with 200U of Revert-AidTM M-MuLV Reverse Transcriptase (Fermentas) 
according to the manufacturer’s specifications, using 20 µM of EGFP and -actin reverse primers and 
miR-21 loop primer, annealing at 42°C for 1 h and 70°C for 10 min to reverse transcriptase 
inactivation.  
Real-Time PCR was performed in a Corbett Research Rotor-Gene RG3000 using SYBR GreenER 
Real-Time PCR Kit (Invitrogen) according to manufacturer’s specifications in 50 μl reactions 
containing 2 µl of cDNA from HCT-116 cells, 1× SYBR Green SuperMix and 200 nM of the 
appropriate primers. The amplification conditions consisted of: 
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1. 2 min  50˚C 
2. 10 min  95˚C 
3. 30 s  95˚C  
4. 30 s  52˚C 40 cycles 
5. 30 s  72˚C 
6. 10 min  72˚C 
All data originated from three independent experiments. PCR amplification products were subjected to 
agarose gel electrophoresis (2% agarose, TBE 1×, 75 minutes at 90V, GelRed
TM
 staining visualized 
under UV light) to confirm amplicons’ molecular weight: 158 bp (β-actin), 792 bp (EGFP) and 75 bp 
(miR-21). As the difference of PCR amplification efficiency of EGFP, miR-21 and β-actin products 
was less than 5%, qRT-PCR data were derived from 2-ΔΔCT using β-actin expression levels as 
reference [fold-induction was calculated by the Ct method as follows: ΔΔCT = (Ct EGFP(or miR-21) 
– Ct β-actin)treated for EGFP(or miR-21) - (Ct EGFP(or miR-21) – Ct β-actin)untreated] [165]. 
 
2.7. Confocal Microscopy 
All confocal microscopy samples were prepared as described above for EGFP silencing and recovery 
and miR-21 silencing. Cells were fixed with 4% paraformaldehyde in PBS for 15 min at 37ºC and 
mounted in ProLong® Gold Antifade Reagent with DAPI (Invitrogen) to allow for nuclear staining. 
Images of cells were taken with a Confocal Laser Point-Scanning Microscope Zeiss LSM 510 META. 
Once optimized, the same microscope settings were used throughout. The laser lines used for 
excitation were 405 nm for DAPI (nucleus), 480 nm for EGFP, and 561 nm for Cy3 (Au-
nanobeacons).  
 
2.8. Cytotoxicity evaluation 
Standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] reduction assay 
(Invitrogen) was performed to determine cytotoxicity following transfection with Au-nanobeacons, 
siRNA and ssRNA complexes as described above. After 24 hours, 100 µl of Au-nanobeacons were 
added to the wells and cells further incubated for 48 and 72 hours. Following medium removal, cells 
were washed twice with sterile PBS and incubated for 2 hours with 300 µl of fresh medium with 
serum supplemented with 16.7 µl of sterile MTT stock solution (5 mg/mL in PBS). Next, medium was 
removed, formazan crystals resuspended in 300 µl of dimethyl sulfoxide (Sigma), and absorbance 
measured at 540 nm as a working wavelength and 630 nm as reference using a Microplate reader 
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Infinite M200 with Absorbance module (Tecan, Switzerland). Cell viability was normalized to that of 
cells cultured in the culture medium with PBS treatment. 
 
2.9. Statistical analysis  
All statistical analysis were performed with SPSS statistical package (version 15, SPSS Inc., Chicago, 
IL) using a Paired-Sample T-test. All experiments, unless otherwise stated, were performed in 
triplicate. All error bars used in this report are ± standard deviation of at least three independent 
experiments. 
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CHAPTER 3. Component analysis 
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The literature on the use of AuNPs as modulators of fluorescence for the development of biosensors is 
vast but not always clear. Reports presented by different groups on this subject are not always 
comparable in what concerns both photophysical studies and biological applications. As described in 
Chapter 1, there are several factors that can influence metal-induced modulation of fluorescence, such 
as the overlap of the spectra from NPs and fluorophores, the physical properties of the NPs 
(composition or size) or even the properties of the fluorophores. The different experimental setups 
used in different experiments can be the cause for such apparent disparity among published data. 
Often, the complexity of the used systems is not thoroughly analysed and particular properties of the 
nanoparticles such as the surface capping or the specific characteristics of the medium are overlooked. 
On the other hand, the application to biological scenarios usually takes nanotechnology devices as 
tools and neglects the understanding of the interaction between the involved nano-elements and their 
build-on components. 
In order to understand the metal-induced fluorescence modulation and later use as a biological sensor 
it was necessary to choose a system that could be used for the photophysical characterization and 
compatible with biological environments. Having this in mind, Chapter 3 tours through the choice of 
each element used for posterior work during the thesis and provides a previous understanding of the 
properties of the AuNPs, fluorophores and spacers as well as a first practical approach on the 
construction of the systems to be used later in the photophysical studies and nanodiagnostics. 
 
3.1. Gold Nanoparticles 
Literature shows an extensive use of gold nanostructures both as models for photophysics studies and 
diagnostic and therapeutic applications. Another popular option could be the use of silver 
nanoparticles. In fact, the most relevant studies about enhancement with metal nanostructures use 
silver nanostructures [166-168]. Silver nanostructures have been applied for the development of 
several diagnostic methodologies [73,133,169]. However, functionalisation is not as easy to achieve 
with silver as it is with gold nanostructures which would negate the possibility of using simple 
nanoconjugates. In practical terms the use of gold nanostructures is more convenient than any other, 
not only because of the fluorescence modulation properties, that are to be explored in this thesis, but 
also because of its higher biological compatibility when compared to other nanostructures, especially 
in terms of toxicity [170]. Moreover, the shape of the nanoparticles is relevant in both their spectra and 
their biocompatibility. In this matter, spherical nanoparticles seem to have an edge since they present 
an LSPR peak that is more defined and is in the visible region of the spectrum [171] as well as 
presenting less toxicity [172]. Under this logic, spherical AuNPs were chosen for further utilization in 
detriment of silver or gold-silver alloy nanoparticles. 
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3.1.1. Gold Nanoparticles optical properties 
The interaction of an electromagnetic field with small, colloidal metallic spheres was first theoretically 
described by Mie [72]. By solving Maxwell’s equations he established the means to predict the 
dependence of the plasmon band position and intensity on the size and surroundings of the metal 
sphere. In this work, the spectra of gold nanoparticles with increasing size in aqueous solution were 
predicted using the implementation of Mie’s equations available in the software Mieplot [173] 
(prediction of Mie scattering using Cext/Cabs/Csca vs. wavelength of a gold sphere in water - IAPWS 
at 25 ˚C). Mieplot does not predict the molar extinction coefficient of nanoparticles but allows the 
prediction of their absorption cross-section. The molar extinction coefficient is related to the 
absorption cross-section as shown in Equation 3.1: 
σ        (  )
 
  
               (Equation 3.1.). 
Figure 3.1 shows the extinction spectra of nanoparticles from 30 nm (lowest distinguishable line) and 
100 nm (highest extinction coefficient spectrum). A clear shift in the local surface plasmon resonance 
is observable for nanoparticles bigger than 40 nm along with an increase in the extinction coefficient. 
For nanoparticles with size ranging from 5 nm to 20 nm there is no observable change in the LSPR 
peak but the increase in molar extinction with the size of the nanoparticle is visible. Figure 3.2. depicts 
the calculated spectra for nanoparticles with size ranging from 5 nm to 20 nm according to Mie’s 
solution of Maxwell’s equations. 
Mie’s solution does not only predict the spectra of spherical metallic nanoparticles but also allows a 
theoretical assessment of its scattering and absorption component. The behaviour of both components 
with the increasing AuNPs size was also calculated using Mieplot [173] and the extinction coefficient 
at the peak was selected for the LSPR extinction coefficient and for both its components as shown in 
Figure 3.3 and 3.4. According to the figures, smaller nanoparticles have a very little contribution from 
the scattering component to the extinction coefficient and the absorption component is completely 
dominant for nanoparticles up to 40 nm. Only nanoparticles larger than 40 nm start to show some 
relevant contribution from the scattering component to the extinction coefficient – Figure 3.4. On the 
contrary, AuNPs larger than 85 nm present a dominant scattering component in the extinction 
coefficient. Light reaching AuNPs with this range of sizes will be largely scattered back rather than 
absorbed.  
It is important to notice that the radiating plasmon theory proposed by Lakowicz suggests that the way 
a molecule in the proximity of a nanosurface is influenced can be dependent on the proportion 
between the absorption component and the scattering component of the extinction [15,107]. Thus, the 
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use of smaller AuNPs will lead to a scenario more favourable to quenching and bigger AuNPs to one 
more favourable to enhancement. 
 
3.1.2. Nanoparticle synthesis and characterization 
The synthesis of AuNPs can be achieved by several different methods [174]. In order to produce 
nanoconjugates soluble and stable in aqueous solution it is important to produce AuNPs that can 
maintain in water. One of the most used methods for the production of stable AuNPs in water is the 
citrate reduction method [53]. This method uses citrate molecules both as reducing agent for the gold 
salt and to cap the AuNPs. In the end, capped AuNPs interact with the surrounding medium through 
the capping. In this case, citrate molecules are negatively charged at close to neutral pH which 
provides a superficial negative charge to the AuNPs. When reduction is achieved and the capping 
complete, the citrate reduction method produces AuNPs that are soluble in water and very stable over 
long periods. This method allows the preparation of stable AuNPs between 9 nm and 120 nm [56] but 
the production of AuNPs bigger than 30 nm implies the loss of monodispersity and spherical shape. 
To produce citrate-capped AuNPs smaller than 9 nm, a stronger reducing agent is needed. This is 
achieved by adding NaBH4 to the reaction mixture. In this situation the citrate works mainly as 
capping agent. The reaction is more spontaneous to the point that heating is no longer needed [158]. 
By using the citrate reduction method and the co-reduction with NaBH4 it is possible to produce 
AuNPs between less than 2 nm up to 120 nm that are capped with citrate and stable in water for long 
periods. 
Several AuNPs synthesis methods were tested based on the citrate reduction method and the co-
reduction method with NaBH4. The obtained AuNPs were characterized by UV-Vis spectroscopy and 
Dynamic Light Scattering (DLS). An example of the DLS results is shown in Appendix II, Figure A9. 
The wavelength of the LSPR peak and the Z-average size ± distribution width – calculated using the 
intensity tool of the software provided by the manufacturer (Zetasizer Nano ZS system, Malvern 
Instruments Ltd, England) – are resumed in Table 3.1. After the synthesis all batches presented a 
reddish colour. However, after a short time (described in table 3.1.) some of the batches progress to a 
blue/purple colour which is attributed to aggregation [122]. 
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Figure 3.1. Theoretical absorption spectra of nanoparticles with different sizes. Theoretical 
absorption spectra of nanoparticles with size ranging from 30 nm (lower distinguishable line) to 100 
nm (higher distinguishable line) in 10 nm intervals. The spectra were calculated using Mieplot [173] to 
obtain the absorption cross-spectra (σ) which is directly related to the extinction coefficient. 
 
Figure 3.2. Theoretical absorption spectra of smaller nanoparticles with different sizes. 
Theoretical absorption spectra of nanoparticles with size ranging from 20 nm (higher distinguishable 
line) to 10 nm (higher distinguishable line) in 1 nm intervals. The lowest spectrum corresponds to 5 
nm nanoparticles. The spectra were calculated using Mieplot [173] to obtain the absorption cross-
spectra (σ) which is directly related to the extinction coefficient. 
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Figure 3.3. Extinction coefficient variation with AuNPs diameter. Extinction coefficient 
(diamonds), scattering component (triangles) and absorption component (circles) of AuNPs with sizes 
ranging from 5 nm to 100 nm. The values are obtained at the maximum of each spectrum. 
 
Figure 3.4. Extinction coefficient variation with AuNPs diameter. Extinction coefficient 
(diamonds), scattering component (triangles) and absorption (circles) component of AuNPs with sizes 
ranging from 5 nm to 40 nm. The values are obtained at the maximum of each spectrum. 
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When using the citrate reduction method, synthesis with different proportions of gold salt and citrate 
were arranged in order to produce AuNPs with different sizes. Citrate1 method is the most used citrate 
method to produce spherical AuNPs with 13-15 nm while citrate2 and citrate3 are adaptations with 
higher citrate:HAuCl4 ratios (see Section 2.3.1 and Table 2.3 for more detailed information). Since the 
citrate molecule is both reducing and capping agent then an increase in the citrate:HAuCl4 ratio should 
change the superficial area that the citrate molecules can accommodate as well as the electrochemical 
potential for gold reduction. Both these effects should lead to smaller AuNPs. It is of note that the 
nanoparticles attained via citrate3 method were not possible to characterize using DLS. Spherical 
AuNPs smaller than 9 nm produced by the citrate reduction method were never described in literature, 
which suggests that the DLS results for citrate3 should be taken with reserve. Also, the size of the 
AuNPs produced using citrate1 is a little larger than expected. DLS measures the hydrodynamic radius 
of nanoparticles that is larger than the AuNP metallic core but these AuNPs seem to be slightly larger 
than expected even after considering the hydrodynamic radius. 
As for the AuNPs produced using the co-reduction method, only 3 of the 10 batches produced stable 
and monodispersed AuNPs. Curiously, the batches with AuNPs bigger than 10 nm or with bimodal 
distribution aggregated soon. The AuNPs produced with co-red1 precipitated during synthesis. There 
is no apparent relation between the conditions used since the only thing in common in co-red2, co-
red7 and co-red8 is also common to the other batches. Co-red2 and co-red7 produced AuNPs with 
similar size while co-red8 produced smaller AuNPs.  
From the 13 experimental conditions, 6 different stable batches were achieved with sizes of 19 nm, 11 
nm, 8 nm and 5 nm. One of the batches could not be characterized by DLS but since it was also stable, 
it was considered for further analysis. 
 
3.1.3. Gold nanoparticles functionalisation test 
Whether the synthesized AuNPs can be used for further studies is not only dependent on their physical 
properties to modulate fluorescence but also on their potential as scaffold for other molecules.  
To assess the potential of the produced AuNPs for the work developed in this thesis, all the AuNPs 
were subjected to a simple functionalisation with a thiolated oligonucleotide (oligotest) using the 
protocol as described in section 2.4.2.1. . This functionalisation protocol was already standardly used 
in the laboratory and widely described in literature [122,127,130,131] and oligotest had previously 
been used to functionalised AuNPs produced using the citrate1 method. 
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Table 3.1. LSPR peak and hydrodynamic diameter of the synthesized AuNPs 
Method 
LSPR wavelength 
(nm) 
Z-average size (nm) ± d.w./2 Stability 
Citrate1 519 19.00 ± 6.89 Stable after 2 years 
Citrate2 520 11.08 ± 4.06 Stable after 3 months 
Citrate3 521 ≤ 1 Stable after 3 months 
Co-red1 523 - Aggregated immediately 
Co-red2 518 8.9 ± 3.4 nm Stable after 3 months 
Co-red3 524 
2.5 ± 0.8 nm 
28.7 ± 12.7 nm 
Aggregated after 1 month 
Co-red4 512 
2.8 ± 1.6 nm 
50 ± 13 nm 
Aggregated after 1 week 
Co-red5 523 
1.4 ± 0.4 
9.5 ± 8.6 nm 
Aggregated after 3 months 
Co-red6 522 15.55 ± 6.64 Aggregated after 1 month 
Co-red7 518 8.2 ± 3.5 Stable after 3 months 
Co-red8 514 5.2 ± 1.7 Stable after 3 months 
Co-red9 522 12.7 ± 6.1 Aggregated after 1 month 
Co-red10 528 
0.8 ± 0.3 nm 
20.6 ± 8.6 nm 
Aggregated after 1 week 
 
All batches except citrate1 aggregated during functionalisation. This method has a salt aging process 
that is characterized by a controlled increase in ionic strength of the medium that is believed to 
increase the functionalisation yield. Citrate-capped AuNPs are known for their colorimetric changes 
upon increasing of the medium ionic strength. With an increase in salt concentration, in this case 
NaCl, the ionic shielding effect of the medium reduces the repulsion between the negatively charged 
AuNP’s capped with citrate, leading to the destabilization of the colloid and aggregation of the 
particles. In absence of functionalised oligotest, these AuNPs tend to aggregate and precipitate 
[122,130] at the higher salt concentrations. So, if the AuNPs were only mildly stable, the increase in 
salt concentration may have induced the aggregation of the AuNPs. On the contrary, the AuNPs 
produced with citrate1 were stable after the functionalisation protocol indicating that the 
functionalisation was successful. This lead to the decision to use AuNPs synthesized with citrate1 in 
the following work. 
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3.1.4. AuNPs used in the following work 
Three batches of AuNPs were synthesized using the citrate1 method. All batches were characterized 
by UV-Vis Spectroscopy and Transmission Electron Microscopy (TEM) - see Figure 3.5. Considering 
the calculated mean diameter from all the batches and comparing with the calculations made in the 
previous section, it is expectable that the AuNPs solutions present only residual scattering 
components. Still, even if only 0.1% of the extinction is attributed to scattering, it will present an 
extinction coefficient between 10
5
 and 10
6
, still considerably higher than the molar absorptivity of 
regular organic fluorophores. 
 
3.2. Fluorophores 
A very important component of the system is the molecule which photophysical properties are going 
to be modulated. A better initial understanding of the system would be required to properly choose 
fluorophores for future work. Due to the absence of coherent literature in the matter fluorophores were 
chosen according to experimental needs. The behaviour of the system was unknown at this point and 
that lead to the choosing of a fluorophore that simplified the system. That was achieved by choosing a 
fluorophore that could be bonded directly to the AuNP, preferably with a thiol group, thus permitting 
the system to be washed until only the AuNPs functionalised with the fluorophore were in solution for 
analysis. This restriction left only a few options like SAMSA, sulforhodamine or some fluorophores 
from the BODIPY family. From these only SAMSA was both soluble in water and commercially 
available. SAMSA is a fluorescein derivative, which means that its absorption and emission spectra 
are in the same region of the visible spectrum as the LSPR of the AuNPs and presents a relatively high 
quantum yield (ΦF=0.6) and a fluorescence decaytime of 4ns in phosphate buffer at pH=8.2 [175].  
After an initial understanding of the system a second fluorophore would be needed. In the case of 
succeeding in the interaction between AuNPs and fluorophores with overlapping spectra, other 
fluorophores that present less overlapping should be studied. Another desirable property would be a 
quantum yield near unity. If a molecule presents ΦF=1 then for each absorbed photon there is one 
photon that is emitted. This also means that the constants associated with the decay of the excited 
electron are all related to radiative process if no other interfering mechanisms occur, i.e., energy 
transfer. By choosing a fluorophore with ΦF=1it would be possible to analyse the effect of the AuNPs 
on kr without further interference. This way, the origin of a possible enhancement phenomenon could 
be traced. Less spectral overlapping can be easily achieved by choosing fluorophores that emit at 
longer wavelengths than the AuNPs LSPR. It was mentioned before that only SAMSA filled the 
conditions needed to covalently link (thiol derivative commercial availability), hence, molecules able 
to interact with the AuNPs through electrostatic attraction leading to adsorption at or close to the 
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AuNPs surface were chosen. Since the AuNPs are citrate-capped they should present a dominant 
negative charge surrounding the surface. Hence, fluorophores with a positive charge at the working pH 
(pH 8) should present a tendency to partitionate to the surface layer of the nanoparticle. These 
characteristics led to the choosing of Rhodamine 101 and Rhodamine B. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 3.5. Characterization of the synthesized AuNPs. I, IV and VII – Transmission electron 
microscopy (TEM) of batch A, B and C, respectively.  II, V and VIII – Size distribution of the 
synthesized AuNPs of batch A, B and C, respectively. The nanoparticles were determined to be 17.2 ± 
2.9 (n=151), 14.4 ± 2.0 (n=501) and 14.6 ± 1.7 (n=501).  III, VI and IX – Absorbance Spectrum of 
AuNPs of batch A, B, C and D, respectively. 
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3.3. Introducing spacer - DNA 
A more complex system was required to be able to study the effect of distance in the interaction 
between AuNPs and fluorophores. The idea was to apply the system for biomolecule detection when 
properly controlled and so the introduction of a spacer that could also be used as a probe was needed. 
In this scenario one obvious solution was the utilization of DNA as spacer between the AuNP and the 
fluorophores. On one hand, DNA molecules provide a semi-rigid structure [166] that can provide a 
support for the fluorophores. On the other hand, DNA strands can be controlled both in size (number 
of bases), which is important when studying distance-dependent phenomena, and in sequence, which 
is relevant when using this sequence to hybridize with complementary targets.  
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
Figure 3.6. Structure and spectra of the chosen fluorophores. The molecular structure of SAMSA 
(I; as provided by Invitrogen), Rhodamine 101 (II; as provided by Sigma) and Rhodamine B (III; as 
provided by Sigma) is shown. The absorption (dashed line) and emission (dotted line) spectra of 
SAMSA (IV), Rhodamine 101 (V) and Rhodamine B (VI) are also shown. The black lines represent 
the absorption spectrum of the AuNP solution obtained via citrate1 and used in the experiments with 
the fluorophores.  
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CHAPTER 4. Fluorophore interactions with gold 
nanoparticles 
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Publications associated with this chapter: 
Rosa J, Lima JC, Baptista PV (2011) Experimental photophysical characterization of fluorophores on 
the vicinity of gold nanoparticles. Nanotechnology, 22(41):415202 
Rosa J, Lima JC, Baptista PV -  Portuguese Patent application PAT 105354 (25/10/2010) - "Célula de 
espectrofotometria para análise diferencial das propriedades ópticas de amostras líquidas" 
(“Spectrophotometry cuvette for the differential analysis of optical properties of liquid samples”)  
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A better understanding of the modulation of fluorescence by gold nanoparticles must begin by the 
realization that not all the observable changes in the emission of nearby molecules are necessarily a 
direct influence of the nanoparticles on the photophysical properties of these molecules. As discussed 
in Chapter 3, the extinction of the nanoparticles is composed of both absorption and scattering and 
holds very high coefficients when compared even to the brightest fluorophores. Chapter 4 describes a 
study of the effects of gold nanoparticle on the molecules at their surface, with special emphasis on the 
absorption and emission properties. 
 
4.1. Optical interference of gold nanoparticles 
It is extremely difficult to photophysically characterize a fluorophore in close vicinity to AuNPs. 
AuNPs usually possess extinction coefficients at least three orders of magnitude higher than the 
majority of fluorophores, and it is difficult to account for the optical interference caused by their 
presence in solution. Most of the work concerning this topic relies on pure theoretical models that do 
not take into consideration all conditions associated with the presence of AuNPs in solution. For 
example, how much light was absorbed by a fluorophore, how much of the emitted light was re-
absorbed by the AuNPs or how much of the AuNP’s extinction is scattered back to the fluorophore or 
absorbed back by the AuNPs are effects usually neglected. 
 
4.1.1. Cuvette development 
For a more comprehensive approach of the interactions occuring between AuNPs and fluorophores in 
its vicinity, it is important to understand how much optical effects can lead to miscalculation of 
photophysical characteristics and perhaps help understand why there are inconsistent results in 
literature on this topic. Therefore, it is extremely important to be able to quantify how much light is 
being optically filtered by AuNPs. For this purpose, a two-compartment cuvette that allows to 
physically separate AuNPs from a fluorophore in solution without removing the optical interference 
caused by the high absorptivity of the nanoparticles was invented. Figure 1 shows drawings of two 
different views of the two-compartment cuvette (Portuguese Patent: PAT 105354). 
The cuvette was designed so that the distance between the centre compartment and the outer cuvette 
wall was the same for all sides. Compartment Z is 5 mm wide and compartment Y is 2.5 mm in total, 
meaning that both Y1 and Y2 are 1.25mm each. 
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Figure 4.1. Two-compartment cuvette. Schematic representation of the axial and sagittal views of 
the proposed two-compartment cuvette. Y1, Y2 and Z represent the lightpaths for each zone of the 
cuvette. The horizontal dashed line represents a possible lightpath. 
 
This instrument was conceived to be used as simulation of optical filtering without physical mixture of 
the AuNPs and the fluorophores. Since the objective was to study the effects of the presence of the 
AuNPs in the optical path on both absorption and fluorescence, the cuvette was designed with two 
concentric compartments. The centre compartment will pose a physical isolation of the fluorescent 
components while allowing the system to be used in a regular spectrofluorimeter. The outer 
compartment holds the AuNPs surrounding the inner compartment. This configuration permits the 
testing of AuNPs as optical filter of both incident light and exiting light simultaneously.  
 
4.2. Absorbance interference 
A light beam going through the cuvette will go through both solutions as it would go through a 
standard cuvette with a mixture. However, in order to compare spectra obtained using this cuvette it is 
essential to correct the concentrations for the path length in each situation. The comparison between 
the absorbance or transmittance of two solutions in different compartments and its mixture (wether in 
a regular cuvette or in the two-compartments cuvette) can only be made with the proper correction on 
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the components’ concentrations according to Lambert-Beer law. Light transmittance for a given path 
length (  ) is given by the following expression 
      ∫    
     
 
 
   (Equation 4.1) 
where T is transmittance, I0 is the intensity of incident light, ε is the extinction coefficient of a 
compound, C is the concentration of the compound. In a scenario of a two-compartment cuvette 
containing two solutions equation 1 transforms into 
     ∫    
                         
 
 
   (Equation 4.2) 
where   and   are two different compounds and   and   are the compartments of the cuvette (see 
Figure 4.1) and   is a geometrical factor associated with extra interaction of light with the cell walls 
and different mediums. The separation of the compartment   in two blocks is due to the fact that light 
goes through the compartment   twice. Notice that          . If the same solution is present 
in both compartments of our cuvette then equation 2 becomes equation 1. In a situation of the mixture 
of   and   in all the compartments, the transmittance equation is  
     ∫    
                  
 
 
     (Equation 4.3). 
in which lowcase    and    are the compounds in separate and lowcase   and   are the compounds 
when mixed together. To study if an interaction between two components of a solution is dependent 
on physico-chemical contact rather than just optical interference it is only necessary to match 
equations 2 and 3 and see if the resulting spectra are coincindental. How corrected concentrations can 
be used to match the theoretical transmittance or absorbance is exemplified in Figure 4.2. If the 
experimentally obtained spectra do not overimpose then the interaction is dependent on direct physical 
contact between   and   rather than on a optical effect. 
The proposed cuvette and methodology were tested by mixing 0.96 µM SAMSA (Invitrogen) with 1 
nM of 17nm gold nanoparticles. SAMSA has a thiol group that bonds to AuNPs. SAMSA was 
activated according to the manufacturer and then mixed with AuNPs in Phosphate buffer (10 mM, pH 
8) with 0.05% SDS. This solution was measured in a classic 1x1cm cuvette. Using equation 4.2, we 
corrected the concentrations of SAMSA and AuNPs to 1.54 µM and 2.87 nM, respectively, to be used 
in the two-compartment cuvette. The absorption of both cuvettes was the same. The two-compartment 
cuvette was placed in the reference beam of a double-beam spectrophotometer and the classic cuvette 
was placed in the sample beam. If only optical interactions were to occur no difference would be 
observed. However, a clear difference can be observed as shown in Figure 4.3. With time this 
difference increases indicating a reaction between SAMSA and AuNPs is occuring. 
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Figure 4.2. Light transmittance through absorption cuvettes. Light transmittance through a regular 
cuvette (dashed line) and the presented two-compartment cuvette (solid line). The dotted vertical lines 
represent medium interfaces in the two-compartment cuvette. In the two-compartment cuvette, light 
goes through AuNPs medium and into a quartz wall where no absorption occurs. Then light enters the 
fluorophores solution in the inner compartment and again through a quartz wall. Finally light enters 
the AuNPs solution and leaves the cuvette through the outer cuvette wall (not represented). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Differential spectra of the functionalisation of SAMSA on AuNPs. Differential spectra 
of SAMSA while bonding to the surface of AuNPs. A solution containing mixed SAMSA with AuNPs 
was placed in the sample beam in a regular cuvette while the reference cell holder had the two-
compartment cuvette with corrected amounts of AuNPs in the outer compartment and SAMSA in the 
inner compartment. Spectra were taken immediately after adding SAMSA and after 1h, 2h and 3h.  
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4.3. Emission Interference 
The optical interference of AuNPs in fluorophores’ emission when in close proximity to their surface 
was also tested. Since the cuvette does not allow to study the optical filter created by the AuNPs on the 
incident light and exiting light independently, the combined effect of these phenomena was assessed. 
The two-compartment cuvette was used to compare either 0.96 µM of SAMSA or 0.75 µM of 
Rhodamine B in the inner compartment and water in the outer compartment with the same solution of 
SAMSA or Rhodamine B in the inner compartment and 2.5 nM of 17 nm gold nanoparticles in the 
outer compartment. Figure 4.4 shows the obtained spectra. About 65% of the measured emission 
disappears for SAMSA and about 19% of the Rhodamine B. Together, these results clearly show that 
the mere presence of AuNPs in the optical path can change the amount of light measured in emission. 
The introduction of AuNPs on the optical path not only decreases the amount of light that reaches the 
fluorophore in the inner compartment but also reabsorbs the resulting emmited light. This “optical 
filter” effect can induce serious misanalysis in fluorescence quantum yields determination. Relative 
quantum yield determination is based on the assurance that the reference molecules and the sample 
molecules are in the exact same optical conditions. The mere presence of the AuNPs on the optical 
path promotes a decrease in fluorescence readings and this is not due to fluorescence modulation but 
rather due to causing less light to reach the fluorophores and reabsorption of the emmited light. If the 
reference molecules are not posed with the same interference it will lead to an overestimation of 
quenching phenomena if observed.  
The fact that the AuNPs filter is less effective with Rhodamine B than with SAMSA is due to the fact  
that the spectral interference depends on the extent of the spectral overlap between exciting light and 
AuNPs absorption and also between AuNPs absorption and fluorophore emission. This appears to be 
quite intuitive but it represents a massive setback in the analysis of fluorophore interactions with 
AuNPs because energy transfer processes are also dependent on the overlap between acceptor AuNP’s 
absorption and donor fluorophore’s emission in typical FRET [92,104] or SET [87,108] mechanisms. 
 
4.4. Nanoparticle-fluorophore systems 
Since the mere presence of AuNPs has been shown to change how incident light reaches the 
fluorophores there is a need to create a setup that allows for the determination of the photophysical 
parameters of the fluorophores when in presence of the gold nanoparticles. 
To do so the quantum yield and fluorescence decay times of the fluorophores when interacting with 
the nanoparticles must be determined. Although the decay times can be determined in a quite 
straightforward measurement, the determination of the quantum yield proves to be quite troublesome. 
Normally, quantum yields can be determined by absolute [22,23] or relative methods [10,11].  
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Figure 4.4. Emission spectra of SAMSA and Rhodamine B in presence and absence of AuNPs. 
The represented spectra correspond to the fluorophore in the inner compartment with and without 
AuNPs in the outer compartment. The emission spectra of SAMSA has a peak at 520 nm and the 
emission spectra of Rhodamine B has a peak at 580 nm. Full lines represent each fluorophore in inner 
compartment with water in the outer compartment, dashed lines represent the fluorophores in the inner 
compartment with gold nanoparticles in the outer compartment and the dotted line represents the 
emission of SAMSA bonded to gold nanoparticles in the same optical conditions. 
 
Absolute methods usually rely on knowing the amount of photons that are being irradiated into a 
solution and quantifying the amount of photons that is being emitted using integrating spheres. When 
in presence of AuNPs this cannot be correctly assessed because of the phenomena described in the 
above sections. Quantifying the interference caused by the AuNPs in both the amount of photons that 
reaches the fluorophores and the reabsorption of the emitted light is not easy. On the other hand, 
relative quantum yield determination requires that a reference molecule with known quantum yield 
could be measured in the exact same optical conditions. To do so in presence of AuNPs requires that 
the interference with the AuNP’s is all accounted for. 
For a comparison between the molecule in study and the reference fluorophore to be accurate both 
molecules must absorb the same amount of light in similar regions of the spectra (the same absorbance 
at the exciting wavelength) and be in the same physic-chemical conditions. Since the objective lies in 
studying the effect of AuNPs in the fluorescence of nearby molecules so AuNPs must be present in 
solution. Therefore, instead of removing the AuNPs from the scenario, AuNPs were added to the 
reference fluorophore instead. This way the optical hindrance caused by the AuNPs is represented in 
the reference solution as well. 
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4.4.1. Experimentally controlled reference solutions 
A fully characterized fluorophore in the presence of AuNPs is required to use as reference for classic 
relative ΦF determination, ensuring the same optical conditions for both sample and reference. To do 
so, it is crucial that the reference fluorophore does not show variation of its photophysical properties in 
presence of AuNPs. This will ensure that when calculating ΦF, the amount of light absorbed by the 
reference fluorophore does not change and emission re-absorption is accounted for. Furthermore, to be 
used as reference fluorophore for photophysical studies in presence of metal NPs, it is required that its 
kr and knr remain constant both in presence and absence of AuNPs, which will mean that there is no 
observable interaction between the reference molecule and the AuNPs.  
To determine whether there is any change in the fluorophores’ photophysical properties, three similar 
fluorophores were used and their ΦF determined using each other as reference both in absence and 
presence of AuNPs. Fluorescein, 5-FAM and SAMSA were chosen as reference fluorophores. 
SAMSA and 5-FAM are fluorescein derivatives so their general photophysical behaviour will be 
similar, making them very good reference molecules for each other. SAMSA can later be activated to 
expose its thiol group to the AuNPs’ surface, yielding SAMSA@AuNP conjugates. 
To avoid working with solutions with absorbance higher than 1, a solution of 1 nM AuNPs 
(ε=7.01×10
8 
M
-1
cm
-1
) was used throughout the studies, which is within the well-defined range of 
concentrations for biomolecule detection applications. Also, higher concentrations of AuNPs result in 
excessively high absorbance impeding correct detection of the fluorophores’ emission and for the 
absorbance spectra to be in the range of the spectrophotometer. Furthermore, working with higher 
concentrations of AuNPs could result in AuNP aggregation or fluorophore degradation, adding extra 
variables to the already complex experimental setup.  
Data in Table 4.1 shows that ΦF remains unaltered in presence of AuNPs, suggesting that there is no 
observable photophysical interaction between AuNPs and either one of the reference fluorophores 
(fluorescein, 5-FAM or SAMSA) at these concentrations. The fluorescence decay times were 
independently determined for the same experimental and optical conditions used for the ΦF 
determination. No variation was observed, both for ΦF and τ, which documents that the photophysical 
properties of the tested fluorophores are not being influenced by the AuNPs. 
 
4.4.2. Quasi-covalently bonded-fluorophores 
Having reference molecules that do not interact or change their photophysical properties when in 
presence of AuNPs allows for the determination of the quantum yields of molecules interacting with 
the AuNPs. By functionalising the AuNPs with fluorophores that bond quasi-covalently to its surface 
allows for subsequent washing steps that permit the fluorophore@AuNP complex to be studied 
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without interference from non-interacting species, i.e., non-functionalised fluorophores. For this 
purpose SAMSA was activated and functionalised at the surface of spherical AuNPs with 17 nm in 
diameter.  
 
Table 4.1. Experimental photophysical characterization of fluorophores in presence and absence 
of AuNPs. Top: Cross-determined ΦF of the reference fluorophores in presence (+AuNPs) and in the 
absence (-AuNPs) of AuNPs; Bottom: Decay times of the same reference fluorophores in presence and 
absence of AuNPs. 
 Fluorescein 5-FAM SAMSA 
-AuNP +AuNP -AuNP +AuNP -AuNP +AuNP 
Fluorescein - - 0.80 ± 0.01 0.77 ± 0.05 0.60 ± 0.02 0.61 ± 0.07 
5-FAM 0.79 ± 0.02 0.81 ± 0.04 - - 0.60 ± 0.01 0.59 ± 0.05 
SAMSA 0.80 ± 0.02 0.79 ± 0.03 0.81 ± 0.04 0.81 ± 0.07 - - 
τ (ns) 3.78 ± 0.06 3.75 ± 0.06 3.81 ± 0.05 3.79 ± 0.05 3.74 ± 0.11 3.77 ± 0.14 
 
4.4.2.1. Local pH effect and quantification of SAMSA@AuNPs 
As mentioned above, activated SAMSA will bond covalently to the AuNPs’ surface, allowing for 
photophysical characterization at ground-zero distance. Prior to accurate photophysical 
characterization of SAMSA@AuNP, precise quantification of SAMSA at the AuNPs’ surface needed 
to be performed, i.e., to determine the ΦF of SAMSA@AuNP, it is necessary to know what fraction of 
the total absorbed light can be attributed to SAMSA. For that purpose, the absorption spectrum of the 
naked AuNPs was subtracted from that of SAMSA@AuNP, where the resulting spectrum ought to 
correspond to SAMSA bonded to the AuNPs. 
The dotted line in Figure 4.5 depicts the absorption spectra of SAMSA@AuNP in phosphate buffer 
pH8. The resulting spectrum does not match that of free SAMSA attained under the same 
experimental conditions. Instead, the profile matches that of a fluorescein derivative at an acidic pH. 
To confirm this 5-FAM and SAMSA were titrated the respective absorption spectra retrieved – Figure 
4.6.  
The data shown in Figure 4.6 is clear about the similarities between SAMSA and 5-FAM spectral 
variation with pH. Moreover, the spectrum of SAMSA@AuNP in Figure 4.5 and the spectrum of 5-
FAM at pH 5 in Figure 4.6 have clear resemblance. It was not possible to compare SAMSA@AuNP 
with SAMSA at pH 5 because SAMSA precipitates. Still, with similar behaviour shown by both 
molecules, it is legitimate to compare SAMSA@AuNPs with 5-FAM. 
 
sample 
reference 
81 
 
0
0.2
0.4
0.6
0.8
1
400 450 500 550
A
b
s
o
rp
ti
o
n
 
Wavelength (nm) 
0
0.005
0.01
0.015
0.02
0.025
0.03
0
0.2
0.4
0.6
0.8
1
400 420 440 460 480 500
A
b
s
o
rb
a
n
c
e
 
N
o
rm
a
liz
e
d
 A
b
s
o
rb
a
n
c
e
 
Wavelength (nm) 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Absorbance of SAMSA and SAMSA@AuNPs. Spectra of 5-FAM at pH5 and pH8 (full 
line), SAMSA at pH8 (dashed line) and SAMSA@AuNP (dotted line). The spectral profile of 
SAMSA@AuNPs (differential spectrum obtained from subtracting the AuNPs absorption spectrum 
from that of SAMSA@AuNP) resembles that of 5-FAM’s at pH5. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Titration of SAMSA and 5-FAM.  Spectra of 5-FAM (dotted lines) and SAMSA (full 
line) at pH ranging from 5 to 8 are plotted. The higher absorbing spectrum of both molecules is at pH 
8 and the lower at pH5. The arrows indicate the direction of the changes observed in the spectra. 
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This simple approach revealed that SAMSA@AuNP is likely to be sensing a pH around pH 5, the pH 
at the AuNPs’ surface. The acidic pH is probably due to the negatively charged citrate molecules in 
the capping and a pH effect on fluorescence at close vicinity of AuNPs has been previously suggested 
[115].  
To circumvent this issue two alternative methods were followed to correctly ascertain how much light 
was being absorbed by SAMSA: supernatant analysis and reduction of the SAMSA-thiol-Au bond. 
The Au:SAMSA ratio was 1:470±87 and 1:454±20, respectively. 
 
4.4.2.2. Effect of the local pH on ΦF and τF determination 
The differential analysis of the AuNPs’ spectra revealed a local pH effect that is relevant for the 
subsequent determination of ΦF. The difference in absorbance at the excitation wavelength caused by 
the pH in the fluorophore needs to be taken into account, as well as the ΦF of the fluorophore at pH 5. 
It is demonstrated above that non-activated SAMSA at pH 8 can be used as a reference in presence of 
AuNPs but this change in absorption cannot be assessed using SAMSA. To estimate what would be 
the loss of absorption in SAMSA if it was soluble at pH 5, the absorbance of 5-FAM and SAMSA at 
λ=490 nm as function of pH was plotted – Figure 4.7. The trendlines observed in both SAMSA and 5-
FAM are almost superimposed which credits an extrapolation of the absorption of SAMSA at pH 5. It 
is now possible to determine the ΦF of SAMSA@AuNP using: 
 
Φ           
           
           (   )
 
 (   )
 (   ) 
 Φ     (   )  (Equation 4.4) 
where I is the integrated area of the emission spectrum and A  is the absorbance of the solution at the 
exciting wavelength. ASAMSA(pH5)
*
 represents the corrected absorbance of SAMSA at pH 5 and 
IAuNP+SAMSA(pH8) represents the integral of the emission of SAMSA in the presence of AuNPs. For a 
complete characterization of SAMSA@AuNP, τF were determined as before for the reference 
fluorophores. Due to the pH issue previously discussed, and for comparison purposes, 5-FAM ΦF and 
τF at pH 5 and pH 8 were also determined and are shown in Table 4.2. 
 
4.4.2.3. Determination of kr and knr 
From the experimental data, kr and knr can be calculated for 5-FAM, SAMSA and SAMSA@AuNP 
considering that the intensity of light reaching the fluorophore at the surface and free in solution is the 
same. However, the intensity of light reaching the fluorophore (I
0
) at the surface ought to be suffering 
the influence of the scattered light back from the AuNP, the amplification of the light field due to the 
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SPR together with a different environment with concomitant change to the refractive index. Therefore, 
when retrieving kr and knr, the attained constants are affected by a factor related to the ratio of the 
intensity of light reaching the fluorophore (I
0
) and refractive index (n). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Absorbance of 5-FAM and SAMSA at λ=490 nm. Absorption at 490nm as function of 
pH for 5-FAM (circles) and SAMSA (triangles) with corresponding trendline (full line) and (dashed 
line). The trendlines are defined by the power function: y=0.015x1.9473 (R² = 0.973) and y = 
0.012x2.1123 (R² = 0.975) for 5-FAM and SAMSA, respectively. 
 
Using a relative quantum yield determination method fluorescence intensity of SAMSA@AuNPs can 
be established by: 
           
      (   )
 
           
 
      (   )
  
           
      (   )
 
Φ          
Φ     (   )
 
      (   )
 
            
 
(Equation 4.5.) 
where I is the fluorescence intensity on each case, I
0
 is the light intensity reaching a fluorophore, n is 
the refractive index of the medium, A is the absorbance and Φ is the fluorescence quantum yield. 
SAMSA@AuNP refers to SAMSA when bound to the AuNP and SAMSA (pH 8) refers to SAMSA 
free in a solution with AuNPs at pH 8. If the equation is rearranged to single out ΦSAMSA@AuNP and if 
the absorption is considered to be appropriately corrected (including pH variations) then this equation 
becomes: 
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          (Equation 4.6.) 
It is not easy to experimentally assess neither I
0
SAMSA@AuNP nor nSAMSA@AuNP. However I of SAMSA 
free and bound to AuNPs can be measured and ΦSAMSA(pH8) has already been calculated. Separating 
measurable incognita from immeasurable ones: 
Φ           
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 Φ     (   ) 
(Equation 4.7.) 
So, defining ΦSAMSA@AuNP’ as the measured fluorescence quantum yield of SAMSA at the surface of 
AuNP, one can understand its relation to the real ΦF through equation 4.8: 
Φ            
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 Φ              (Equation 4.8.). 
This light intensity factor propagates through the determination of kr and knr. The constants calculated 
using ΦSAMSA@AuNP’ will be called kr’ and knr’. To calculate kr’ and kr the following expressions can be 
used: 
   
           
 
              
            
 
  (Equation 4.9. and 4.10.) 
To deduct the relation between kr’ and kr, ΦSAMSA@AuNP’ can be substituted. From here, 
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  (Equation 4.11.) 
 and substituting ΦSAMSA@AuNP: 
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     (Equation 4.12.). 
About the non-radiative rate constant, knr is obtained with: 
    
 
 
       (Equation 4.13.). 
However, only kr’ can be measured and the obtained result corresponds to knr’: 
     
 
 
        (Equation 4.14.). 
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Therefore, substituting τ
-1
 and kr’, the light intensity factor propagates into knr as: 
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     (Equation 4.15.), 
which simplifies to, 
           (  
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)  (Equation 4.16.). 
Using the deducted formula kr, kr’, knr and knr’ were calculated as shown in Table 2. Data show that 
bonding of SAMSA to the AuNPs leads to an increase both in kr’ and knr’. The increase in knr’ may be 
associated to an increase of available pathways for the relaxation to the ground state, in accordance to 
what has been previously advocated [107].  
For kr’, which has been directly calculated from experimental data, the 6 fold increase is not so easily 
attributable. This knr’ increase corresponds to an observable increase in fluorescence, i.e., a “radiative 
enhancement”. How much of this enhancement arises from the light field enhancement or real kr 
change cannot be effectively determined. Emission increase has been previously associated to a local 
field enhancement of fluorescence in the vicinity of AuNPs [96,97]. Analysis of data related to 5-
FAM, indicates that variation due to the pH effect is negligible. 
As for knr’, SAMSA@AuNP shows a remarkable increase when compared to SAMSA, even 
considering that knr’ is the lower limit of the real knr, indicating that the fluorophore is suffering a 
strong effect derived from being located at the surface of the AuNP. This effect is probably due to the 
strong overlap between SAMSA emission and AuNP absorption, which favours the energy transfer 
quenching mechanism. Again, comparison with the knr’ values for 5-FAM shows a very small 
contribution from the pH to the observed effect. 
 
Table 4.2. ΦF, τF, kr’ and knr’ for SAMSA@AuNP, SAMSA, 5-FAM at pH 5 and pH 8 
 SAMSA@AuNP SAMSA FAM pH 5 FAM pH 8 
ΦF 0.11 ± 0.01 0.60 ± 0.02 0.51 ± 0.03 0.80 ± 0.02 
τ (ns) 0.12 ± 0.06 3.74 ± 0.11 3.07 ± 0.02 3.81 ± 0.05 
kr’(×10
8
 s
-1
) 9.40 1.60 1.69 2.10 
knr’ (×10
8
 s
-1
) 739 1.07 1.63 0.525 
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Decreasing kr values have been reported for fluorophores bonded to AuNPs when compared to those 
free in solution [175], and AuNPs smaller than 40 nm in diameter have been linked to a radiative 
quenching effect [107]. However, this data shows an increase of the kr’. Also, in the tested 
experimental conditions, it is clear that the non-radiative processes are being favoured when compared 
to the radiative processes. Together, these results seem to indicate that there is a balance of effects, in 
agreement to what has been previously proposed by Lakowicz that associated the enhancement of 
fluorescence at the vicinity of a metal nanosurface to the scattering component of absorption [107].  
 
4.4.2.4. Evaluating scattered light effect 
One question still persists. How to assess how much of the scattered light reaches the fluorophores? It 
is reasonable to assume that closely located fluorophores (or at the surface) absorb most of the light 
scattered back from AuNP but distant fluorophores will receive increasingly less light as distance to 
the AuNP’ surface, i.e., there is a light dilution factor.  This light dilution factor needs to be taken into 
account in quantum yield determination when comparing fluorophores spatially concentrated and 
close to the AuNPs’ surface with those spread throughout the entire solution. To evaluate the dilution 
effect on the scattered light, two situations were simulated: i) the effect of the spatial distribution of 
the 450 SAMSA molecules bonded to one AuNP, and ii) when all the 450 SAMSA molecules are 
evenly dispersed in solution around each AuNP – Figure 4.8.  
  
Figure 4.8. Schematic representation of the spatial dilution of scattered light from the AuNP. 
The red sphere represents one AuNP and the stars represent the fluorophores, localized within 
concentric coronas (dotted circumferences). The lightning symbolizes the incident light into the 
solution and the wave arrows represent the scattered light, where the full line shows strong intensity 
that decreases with distance to NP (dotted arrow line). The shades of grey for each corona suggest the 
dilution effect upon the scattered light reaching the fluorophores within that region of space around the 
AuNP. 
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The first scenario is simpler to assess since one can easily imagine a spherical AuNP with all 
fluorophores bond to its surface and absorbing the scattered light, i.e., all fluorophores are at the same 
distance to the centre of the AuNP (r=8.5nm). However, in the second scenario, the free fluorophores 
are dispersed in solution around the AuNP at varying distances to the surface. Hence, a situation where 
the fluorophores are evenly distributed within theoretical spherical coronas centred on the AuNP’s 
geometrical centre was assumed. The volume of each AuNP alone was estimated, assuming that every 
AuNP is equidistant from each other, and the radius of this sphere corresponds to the maximum 
distance a fluorophore can be from any AuNP (730 nm in this scenario). The radial distribution in 
three-dimensional space (gV(r)) of the fluorophores was estimated using a function dependent on the 
distance to the centre of the AuNP (r), previously described by Tanemura [176]: 
      ( )  
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 ( )
   (Equation 4.17.) 
where 
)(
)(
rd
rdKV  is a density factor dependent on the distance and 
24
1
r
 is spatial factor of dilution for 
each distance. 
Assuming one AuNP upon which 450 fluorophores are bonded (as determined in section 4.2.2.), the 
amount of light that is diluted results from the direct comparison of the surface area of the inner (at the 
surface) and outer (free in solution) spheres, 
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   (Equation 4.18.). 
For ri the radius of the nanoparticle was used because every SAMSA molecule will be at its surface, 
i.e., 8.5 nm. As for rii, the mean distance between fluorophores freely distributed in solution and the 
AuNP needed to be determined. First, the volume ascribed to each AuNP was calculated: 
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(Equation 4.19.) 
from where the maximum distance at which a fluorophore would be under the influence of a single 
AuNP can be calculated using the equation for the sphere volume 
            
 
 
     
 
   (Equation 4.20.) 
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resulting in mr
6
max 1000.2
 . Knowing the maximum distance a fluorophore can be from the 
AuNP’ centre and that 450 fluorophores are inside this volume, the spatial distribution of the 
fluorophores as function of the distance to the NP centre can be determined 
∑
  ( )
 ( )
        
        
     
(Equation 4.21.) 
and is given by 
121071.2)( rKV .  
This allowed for calculation of the number of fluorophores at each corona and the average mean 
distance to the NP, i.e., 551 nm. With this value, and bearing in mind what is presented above, the 
light dilution factor can be calculated: 
         
   
    
 
(        ) 
(        ) 
          (Equation 4.22.). 
This means light is diluted in a factor of approximately 4200 times before it reaches a fluorophore free 
in solution when compared to a fluorophore bound to its surface. 
This experimental data shows a 6 fold increase in kr’ of SAMSA bonded to the AuNP when compared 
to the free fluorophore. Scattered light was estimated to be 4200 times stronger at the surface at the 
surface than at the average distance at which the fluorophores are of the surface when in solution. This 
dilution factor is about 717 times larger than the increase in the measured radiative enhancement. This 
data supports the idea that the calculated value (kr’) is not indeed the real kr.  Even considering that the 
scattered light is only one of the sources of light available to the fluorophores, this simulation 
questions whether the increase of the kr does in fact occur or if a radiative enhancement compiling 
both kr variations and effective incident light changes occurs instead. The same AuNPs at the same 
concentrations are present and, therefore, optical filter effects can be assumed to be the same in both 
situations which discards any influence due to this parameter as hypothesis. If a similar spatial analysis 
was to be done while comparing two different sets of nanoparticles (i.e., different sizes, different 
composition), then other parameters would have to be taken into account (i.e., scattering cross-
section).  
 
4.4.3. Adsorbed fluorophores 
Until this point, the effect of AuNPs on fluorophores that are chemically attached to their surface and 
that have a complete spectral overlap with their LSPR was studied. This provided the tools to handle 
the obtained data and how to circumvent the problems posed by the presence of AuNPs in solution. 
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Still, the interaction of fluorophores that do not overlap as much with the LSPR is required to 
understand how the enhancement/quenching dichotomy works. Moreover, since no other attachable 
fluorophores are available, the study of fluorophores that are in solution and establish adsorption 
equilibriums requires further insight. Rhodamine 101 (Rh101) and Rhodamine B (RhB) were chosen 
for subsequent studies. The reasons for which Rh101 and RhB were chosen lie on three different 
aspects. Firstly, at our working pH (pH 8) both rhodamine molecules are positively charged, which 
promotes adsorption on the negatively charged AuNPs’ surface. Secondly, the fact that both Rh101 
and RhB have less spectral overlap with the AuNPs than SAMSA. And finally, Rhodamine 101 has a 
published quantum yield very close to 1 [177,178] RhB has a quantum yield around 0.6 [178], which 
means that in case of an increase in the measured kr could show significant evidence to support the 
idea that the light scattered back from the AuNPs can be a major cause of the fluorescence 
enhancement. 
 
4.4.3.1. Absorption of Rhodamine B at AuNPs’ surface 
The interaction of RhB and AuNPs was assessed using a double beam spectrophotometer. By placing 
a solution containing of AuNPs in the reference beam while a mixture of RhB and AuNPs were placed 
in the sample beam. A solution of 10 µM of RhB and 1 nM of AuNPs was prepared. Figure 4.9 (full 
line) shows the typical spectra of RhB in water. With time, the absorption of RhB decreases, 
stabilizing after 16 hours. The final spectrum shows 15% less absorbance than the initial amount as 
seen in the dashed line of Figure 4.9. 
 
 
 
 
 
 
 
 
 
Figure 4.9. Differential spectra of RhB in presence of AuNPs. Differential spectra of RhB after 
mixing with AuNPs. One spectrum was taken right after mixing (full line) and another after 16 hours 
of equilibration (dashed line). 
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The interaction of RhB with AuNPs also induces an absorption decrease that affects the determination 
of both kr
 
and knr as occurred with SAMSA. At this point several hypotheses can be dropped such as a 
local pH effect, similar to what happened with SAMSA, or some kind of aggregation as can be found 
in literature [35]. The first hypothesis is not excluded but is not very probable since changes in pH are 
not expected for RhB at this range of pH [179], especially considering that the surface of the AuNPs 
appears to be even more acidic than solution pH. As for the second hypothesis, it is a lot more 
probable since the concentration of RhB used is much lower than the concentration at which 
aggregation is described [35]. Nonetheless, while this work was still in progress, a much more 
plausible explanation was suggested in the literature [180]. According to the authors a decrease in the 
absorption of RhB in presence of AuNPs can be explained by the coupling of optical transitions of the 
RhB and plasmonic oscillations in AuNPs. 
It would be interesting to see how coupling with AuNPs would affect the photophysics of RhB using a 
similar system to the one used with SAMSA. To do so it would be necessary to know the amount of 
RhB interacting with the AuNPs. By centrifuging the AuNPs and analysing the supernatant this would 
be very simple to achieve. However, the interaction with RhB seems to decrease the stability of the 
AuNPs and leads to AuNP aggregation that was observed every time centrifugation was tried. Since 
the AuNPs form aggregates, it is impossible to know whether the RhB molecules that were interacting 
with them will maintain this interaction or be released back to solution. Without this quantification it 
is impossible to assess how the absorption of RhB@AuNP is changing which denies the follow up 
work on photophysics. An analysis on the modulation of fluorescence of RhB during the interaction 
with AuNPs was also attempted but the obtained results were unsystematic. This also denies a global 
analysis of the interaction between this pair. 
 
4.4.3.2. Absorption of Rhodamine 101 at AuNPs’ surface 
The strategy used for RhB was also followed for Rh101. The differential absorption spectra of the 
solution containing 1.3 µM Rh101 and 1 nM of AuNPs were recorded every two hours for 16 hours 
after mixing both components as shown in Figure 4.10. 
During incubation, a clear change to the absorption spectra is observable with a significant decrease of 
the absorption peak at 573 nm, and the appearance of additional absorption bands at 475 nm and 511 
nm. After 10 hours, no further changes were detected indicating that adsorption equilibrium was 
achieved. These spectral changes are absent from Rh101 solutions without AuNPs and have never 
been reported. Though novel for Rh101, Rhodamine 6G and RhB aggregation was shown to induce 
similar spectral changes in the milimolar concentration range [35,181]. This may suggest that either 
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the AuNPs induce aggregation of Rh101 at lower concentrations, or some interaction of the optical 
transitions of Rh101 and the AuNPs is suggested to occur with Rh101 when adsorbed to AuNPs [180]. 
Other causes, like the pH at the surface of the AuNP as discussed for SAMSA are less likely since 
Rh101 does not present spectral changes in water between pH5 and 8 as shown in Appendix V. 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Rh101 absorption spectra over time in presence of AuNPs. Differential absorption 
spectra of Rh101 mixed with AuNPs using AuNPs as reference at two hour intervals for 10 hours and 
then after 16 hours. The absorption spectrum with highest value at 570 nm was recorded immediately 
after mixing (0 hours). 
 
Whatever is cause for the change in absorption, this will affect the amount of absorbed light at the 
excitation wavelength and will, once again, introduce significant error in interpreting the 
photophysical parameters, i.e., there will be a reduction in emission intensity due to reduction of the 
amount of light absorbed by Rh101 and this reduction can be erroneously assigned to excited state 
quenching if the changes in absorbance are not taken into account.  
 
4.4.3.2.1. Determination of the molar absorptivity of Rh101@AuNP 
For a quantitative analysis of the AuNP-Rh101 interaction, the number of fluorophores that are in fact 
interacting with the AuNPs’ surface must be determined. Since a mixture of Rh101 interacting with 
the AuNPs and free Rh101 will coexist in the vial, the absorption spectrum reflects the absorption of 
the mixture. To split the individual contributions, the mixture was centrifuged 3 times and the amount 
of Rh101 in the supernatants measured using UV/Vis absorption spectroscopy. As little as 5.66% of 
the added Rh101 was recovered in the supernatants, meaning that 1.23 µM were interacting with or at 
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the surface of the AuNPs. This corresponds to 84% coverage of the AuNPs’ surface, assuming that 
one Rh101 molecule has a dimension of 7Å x 6Å and that the AuNPs are 14 nm in diameter (see 
Chapter 3, batch 2 of cit1 method). 
The free Rh101 shows an absorbance peak of 0.117 at 573 nm. After the partition equilibrium to the 
AuNPs is complete, the absorbance at 573 nm decreases to 0.029. Using the concentrations of free and 
adsorbed Rh101 and the extinction coefficient of free Rh101 (ε(573nm)=90000 M
-1
cm
-1
 [182]), the 
extinction coefficient of the adsorbed Rh101 can be estimated through equation 4.23: 
   (     )   (     ) (     )   (          ) (          )  
 (Equation 4.23) 
where C(Rh101) and C(Rh101@AuNP) are the concentrations of Rh101 free in solution and at the 
AuNPs’ surface, respectively; ε(Rh101) and ε(Rh101@AuNP) are the molar absorptivity at 573 nm of 
Rh101 free in solution and at the AuNPs’ surface, respectively. From here, ε(Rh101@AuNP)=18246 
M
-1
cm
-1
 at 573 nm is obtained.  
The observed changes, be it in the case of aggregation or coupling, will have a strong impact on the 
photophysical analysis as, upon adsorption to the nanoparticle and considering the excitation 
wavelength (absorption maximum observed in water, 573 nm) Rh101 absorbs significantly less light 
when compared to free Rh101. Consequently, a low fluorescence response will be observed not due to 
quenching of the excited state but rather to the decrease in absorption at the excitation wavelength. 
 
4.4.3.2.2. Fluorescence modulation of AuNPs on Rh101 
The experimental setup used in 4.3.2 was repeated but the emission of Rh101 was monitored to assess 
the impact on the photophysical parameters leading to quenching or enhancement of fluorescence. To 
avoid corrections relative to the amount of light absorbed by Rh101 in the free/adsorbed condition, the 
isosbestic point was chosen as excitation wavelength (λ=546 nm). Figure 4.11 shows the emission 
spectra as function of time. 
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Figure 4.11. Rh101 emission spectra variation over time in presence of AuNPs. Fluorescence 
spectra (excitation at λ=546 nm) of the mixture Rh101:AuNPs recorded at two hour intervals for 10 
hours and then after 16 hours. The emission spectrum with highest value at 596 nm was recorded 
immediately after mixing (0 hours). 
 
A decrease in fluorescence is observed throughout 10 hours and then stabilizes. The relative quantum 
yield can be directly calculated from these data: considering that the in the first spectrum no or very 
little interaction between Rh101 and AuNPs occurs, the fluorescence intensity can be considered to 
correspond to free Rh101 with ΦF (Rh101)=1 [177]. Note that the same solution is always being 
measured and the global absorbance remains constant because excitation is occurring at the isosbestic 
point. Knowing that the measured fluorescence intensity is the sum of the fluorescence of Rh101 
interacting with AuNPs and the fluorescence of free Rh101,  
  (        )    (          )    (     )  (Equation 4.24) 
and that 
          Φ      (Equation 4.25), 
then 
  Φ  (        )    Φ  (          )    Φ  (     )  (Equation 4.26) 
where IF is the fluorescence intensity, I0 is the light reaching the sample, ΦF is the fluorescence 
quantum yield and A is the absorbance at the excitation wavelength. I0 is the same in all cases and the 
absorbance depends on the concentration according to the Lambert-Beer law (A=εbC). The optical 
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path is the same for both cases and ε(Rh101@AuNP) and ε(Rh101) was calculated to be 26912 M
-1
cm
-
1
 at the excitation wavelength (calculated from Figure 1). Therefore, if equation 4.26 is divided by the 
overall (free and bound) concentration of Rh101, C(solution), a dependence with the molar fractions is 
obtained: 
Φ  (        )  Φ   (          )  Φ   (     )  (Equation 4.27) 
and ΦF(solution) can be calculated. Considering that the initial fluorescence intensity corresponds to 
Rh101 alone and that the final intensity corresponds to the final mixture, a direct relation between 
ΦF(solution) and ΦF(Rh101) can be established and ΦF(solution)=0.153. From Equation 4.25., results 
ΦF(Rh101@AuNP)=0.072. In order to calculate the rate constants associated with the excited state 
deactivation processes, fluorescence decays were measured in the absence and presence of AuNPs at 
different proportions (Table 4.3.). The use of more than one concentration in this case ensures that we 
can assign the decay times to each form of Rh101. The fluorescence decay of the solution containing 
Rh101 alone is well fitted to a single exponential with a decay time of 4.1 ns. Addition of the NP and 
equilibration overnight leads to double exponential decays, with a decay time identical to that obtained 
in absence of AuNPs, whose pre-exponential factor decreases with the increase of AuNP:Rh101 ratio, 
and a second shorter decay time (~2 ns) whose pre-exponential factor increases with the increase of 
AuNP:Rh101 ratio. The decays for all concentrations are well fitted to the same decay times and the 
results from the global analysis are summarized in Table 4.3.  
 
Table 4.3. Decay times, τ1 and τ2, and normalized pre-exponential factors, a1 and a2, for different 
concentrations of Rh101 in presence of AuNPs (different AuNP:Rh101 ratios) 
 τ (ns) Normalized Amplitudes χ
2
 
[AuNP]:[Rh101] τ1 τ2 a1 a2  
0nM:1µM - 4.10 - 1 1.07 
1nM:10µM 1.95
a
 4.17
a
 0.43 0.57 1.06 
1nM:5µM 1.95
a
 4.17
a
 0.61 0.39 1.10 
1nM:2µM 1.95
a
 4.17
a
 0.91 0.08 1.25 
a
global analysis of the decays for 1nM:10µM, 1nM:5µM and 1nM:2µM 
 
In absence of AuNPs, a single decay time that corresponds to free Rh101 is obtained, whereas in the 
presence of AuNPs an additional decay time is obtained, which can be attributed to Rh101@AuNP. In 
the presence of 1 nM of AuNPs and for Rh101 concentrations less than 2 μM, almost all Rh101 
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molecules are adsorbed to the AuNPs. This result strengthens the previous data retrieved from the 
supernatant analysis, where only ~6 % of free Rh101 was recovered when a 1.3 μM solution of Rh101 
was equilibrated with 1 nM AuNPs (see section 4.4.3.2.1).  
 
4.4.3.2.3. Determination of kr and knr of Rhodamine101@AuNPs 
Similarly to what was described in chapter 4.4.2.3. kr and knr can be estimated for both Rh101 bulk in 
solution and Rh101@AuNP using equations 4.9 and 4.13.. kr of Rh101@AuNP is calculated using the 
calculated ΦF(Rh101@AuNP) and τ1 in equation 4.9, and then knr is calculated using equation 4.13. As 
for Rh101, the procedure is similar but the result is obtained using ΦF(Rh101) from the literature 
[D16] and the measured decay time, τ2. The calculated radiative and non-radiative rate constants are 
presented in Table 4.4. 
 
Table 4.4. Radiative and non-radiative rate constants of Rh101 in presence and absence of 
AuNPs 
 Rh101 Rh101@AuNP 
kr (s
-1
) 2.44×10
8 
3.69×10
7
 
knr  (s
-1
) 6.10×10
7
 4.76×10
8
 
 
It is interesting to notice that the radiative constant (apparent or not) appears to decrease in a factor of 
6.6 when in presence of AuNPs. This is coherent with the variation observed in absorption either 
considering that the cause is aggregation of Rh101 or coupling between plasmonic oscillator and the 
optical transition of Rh101. According to the Strickler-Berg equation: 
          
    〈  
  〉 ∫  ( ̅)    ̅   (Equation 4.28.) 
a direct relation between ε and kr can be established. What was observed via differential spectroscopy 
was a substantial decrease in ε together with a decrease in kr if the refractive index (n) does not change 
appreciably. However, if the cause of this change is Rh101 aggregation, then the set of molecules 
being analysed is different form the initial set, and it is reasonable that it ought to have different 
photophysical properties. 
As to the knr, a 7.8-fold increase in presence of AuNPs is observed even without significant 
superimposition of Rh101 emission spectra with the AuNPs absorption spectra. Energy transfer cannot 
be discarded as it may be occurring between Rh101 and AuNPs in such close proximity, despite the 
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fact that that the spectral overlap between Rh101 emission spectrum and AuNPs absorption spectrum 
is low.  
Furthermore, the amount of light reaching the fluorophores before and after interaction with AuNPs 
should also be taken into account. The light scattered from the AuNPs, which will be more important 
to the adsorbed molecules, has not been accounted for in the fluorescent quantum yield determined 
above. As a consequence, ΦF(Rh101@AuNP) is the product of the real quantum yield by the ratio I/I0, 
where I is the light reaching the adsorbed Rh101 and I0 is the light reaching the bulk solution. 
However, this effect cannot be appropriately accounted for and can only be corrected by an estimate of 
a light dilution factor as was previously described in section 4.4.2.4. So, considering that the light 
scattered back from the AuNP reaching the Rh101@AuNP is stronger than the average light reaching 
bulk Rh101, the calculated kr value is overestimated. Still, the observed value decreases when 
compared to bulk Rh101. 
 
4.4.4. Nanoparticle-DNA-fluorophore systems 
In this chapter, the effects of gold nanoparticles on fluorescence of molecules chemically bonded to 
them were assessed. A successful method to experimentally determine the fluorescence quantum yield 
in presence of gold nanoparticles while accounting for the optical interference of AuNPs was also 
achieved. However, the problem of the amount of light reaching a fluorophore when bonded to a 
AuNP was not completely tacked and as result only a radiative enhancement factor can be calculated 
rather than the real radiative rate constant. Even when AuNPs are in solution but not bonded to the 
fluorophores, the light reaching each fluorophore is different from the case where bonding occurs due 
to a light dilution factor through space. Since this factor is dependent on the distance to the 
nanoparticle, the key to calculate the radiative rate constant may lie on the behaviour of the system at 
several distances from the AuNPs. 
To explore this idea, five nanoprobes with fluorophores at different distances were synthesized (as 
mentioned in Chapter 2.4.2.1) and the relative ΦF and τ were determined for each case as previously 
described in this chapter. The fluorophore:AuNP ratio was calculated for each distance and solutions 
containing 1nM of AuNPs and the correspondent amount of oligonucleotides for each case (hence 
assuring that the absorbance of both AuNPs and fluorophores is the same in both solutions) were 
prepared and its fluorescence intensity measured. This allowed for the determination of the apparent 
ΦF of the nanoprobes as shown in Table 4.5. Distance was calculated from both the centre of the 
nanoparticle and its surface and also accounts for the Thiol-C6 spacer and a base-stacking distance of 
4Å between two consecutive bases [183]. 
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Table 4.5. ΦF, τ, and respective distances from the fluorophore to the AuNP for SNSET probes 
 
4.4.4.1. Quantum yield and fluorescence lifetime ruler 
The behaviour of both ΦF and τ in function of distance to the nanoparticle can be predicted: 
     
 
 
  
(  (
 
  
) )
    (Equation 4.29.) 
  Φ  
  
 
  
(  (
 
  
) )
    (Equation 4.30.) 
where τ0 is the fluorescence lifetime of the fluorophores when not affected by the nanoparticle, R0 is 
the Förster distance, R is the distance between the nanoparticle and the fluorophore and n is the 
distance dependence factor. The distance factor, n, usually is 6 if a typical energy transfer 
phenomenon is considered or 4 if a nanosurface energy transfer mechanism is considered. By 
modelling the kr, τ0 and R0, theoretical curves of both ΦF and τ were fitted simultaneously into the data 
obtained as presented in Figure 4.12.A and 4.12.B using n=4 (dashed line) and n=6 (full line). 
There are several factors that can affect the analysis of this question. The most important one is how 
distance is measured. DNA molecules are known to be semi-rigid with a defined structure in dsDNA. 
However, ssDNA is more flexible and harder to study. The reference used to choose the distance 
between two consecutive bases in a ssDNA strand is itself loose, referring a range of distances from 2-
6 Å. The average value was chosen but some uncertainty is present nonetheless. More on this topic is 
related to where the measurement should start at the centre or the surface of the AuNP. Usually, the 
dispute lays on whether FRET or NSET is observed. In the former case a dipole-dipole interaction is 
considered. As such, a AuNP must be considered to provide a dipole and that is observed at the 
surface of the AuNPs. On the contrary, the former case is based on the idea that a point-dipole 
interaction occurs. Thus, AuNPs are to be considered as point particles and so distance is counted from 
Nanoprobe Distance Surface (Å) Distance Centre (Å) Fluorophores/AuNP ΦF τ (ps) 
SNSET12 55.1 125.1 63.44±3.77 0.028 ± 0.003 26.61 ± 10.68 
SNSET15 67.1 137.1 61.64±6.85 0.041 ± 0.002 57.94 ± 38.83 
SNSET20 87.1 157.1 52.27±4.31 0.058 ± 0.003 138.74 ± 45.34 
SNSET25 107.1 177.1 44.92±3.26 0.098 ± 0.001 323.18 ± 60.22 
SNSET50 207.1 277.1 37.81±1.80 0.140 ± 0.002 496.92 ± 59.85 
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the centre of the AuNP. Figure 4.12 clearly shows that both fittings match the experimental results 
obtained for both ΦF and τ. Both curves were determined simultaneously for each case and using the 
same parameters showing that the results are not only coherent but very robust. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. τ and ΦF as a dependence of distance to the nanoparticle. Determined τ (A) and ΦF 
(B) are shown as black circles when distance is assessed from the centre of the AuNPs and black 
triangles when assessed from the surface. Simulation of τ and ΦF was executed using equations 4.29. 
and 4.30. with n=6 (black lines) or n=4 (dashed lines). The distance values were considered from the 
surface of the AuNP for n=6 and from the centre for n=4. Curves of ΦF and τ were calculated 
simultaneously and using the same parameters for each n value. Error bars represent triplicates for ΦF 
and duplicates in different experimental apparatus for τ. 
 
The fitting was achieved using the least squares method. As such one way to analyse if n=6 or n=4 fit 
the experimental data better is to look at the error obtained in the fitting. Using n=6 fitting an error of 
0.37% was obtained with an R0 of 99.19 Å while for n=4 an error of 0.48% was found with an R0 of 
114.00 Å. Both errors are very small but a FRET-like mechanism appears to fit the data better. 
A 
B 
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Looking at Figure 4.12., the triangles appear to fit the solid line better than the circles fit the dashed 
line. However, in this specific case, the dimension of the AuNPs relative to the DNA strands size leads 
to the thought that the AuNPs’ surface presents a dipole that greatly influences the fluorophore. This 
way, the interaction between the fluorophores and the nanoparticle should be first sensed at the surface 
of the AuNPs unlike what is considered in cornerstone theoretical works on the subject [93].  
Similar assessments are found in literature using different nanoparticles, spacers and fluorophores 
[95,104,112]. This fact lead to several results but no unquestionable evidence was ever found. A clue 
about what may be happening is already in literature as well. Single-nanoparticle studies show that the 
modulation of fluorescence by AuNPs lies on a balance between enhancement and quenching [96,97]. 
Also, the spectral overlap between the plasmonic band and the emission of the fluorophores has been 
described as key for the energy transfer between them [108]. In this study, the emission of the chosen 
fluorophores and the plasmonic band are almost completely overlapped which should be favourable to 
the energy transfer mechanism and hence to a typical quenching of fluorescence through FRET. The 
results presented here support this idea. In a case with less spectral overlap, it can be hypothesised that 
the energy transfer mechanism would not be so extensive and the enhancement factor could be of 
greater notice. 
One detail to be noticed is the stabilization of τ at around 490 ps. The influence of the AuNPs in τ of a 
molecule in its vicinity is dependent with distance as shown in Figure 4.12. This being the case, at 
longer distances the effect should be less effective and, in the limit, no effect should be observed. The 
stabilization of τ should be around 3.8 ns, as measured in section 4.4.2 and not at 496.92 ps. The 
explanation to this fact may lie on the protonation state of FAM. Fluorescein derivatives are known to 
have a pKa ≈ 6.5 [184]. At solution pH FAM would be in its dianionic form that would present a 
fluorescence lifetime around 4 ns. However, this lifetime can decrease in acidic pH when protonated 
species are formed. If the local pH is changed due to electrostatic considerations, the apparent pKa’s 
can change dramatically. As was shown before AuNPs have local pH at the surface due to its negative 
charge. Also, ssDNA presents a negatively-charged backbone which added to the AuNPs could cause 
the pH to change enough for FAM to protonate and change its τ values.  
 
4.4.4.2. Radiative and non-Radiative constant analysis 
The data shown in Table 4.5. can also be used to calculate kr and knr. It was previously suggested that 
the incident light on each fluorophore is affected by the light scattered back from the AuNPs’ surface 
hence varying with the distance to the nanoparticle. By dividing the determined ΦF by a light dilution 
factor a value closer to the real ΦF of each fluorophore when bonded to the AuNP may be assessed. 
Assuming that in each probe the ssDNA used as spacer is rigid enough and that every fluorophore is in 
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radial disposition towards the AuNP’s centre, one can calculate the sphere total area using the radius 
provided by each spacer. The ratio between the total area obtained for one distance and the total area 
obtained from another distance is directly related to the dilution of light between these two distances. 
So, from the measured ΦF it is still only possible to calculate a radiative enhancement factor (kr’, 
Figure 4.13.A – black circles) but if using ΦF values corrected with a factor for the distance effect, 
new kr values can be calculated and a quite different trend appears (Figure 4.13.A – white squares).  
Surprisingly, when comparing kr with kr’ a clear difference is observable. While kr appears to change 
only slightly with distance, kr’ decreases sharply until about 100 Å. These results suggest that the 
scattered light can be a major factor in the apparent increase of fluorescence rather than an effectual 
photophysical modulation of the radiative rate constant. Instead, AuNPs seem to increase the amount 
of light received by the fluorophores in its vicinity.  
Taking into account that the radiative rate constant is not likely to be changing a question rises on how 
the non-radiative rate constant changes. When calculating non-radiative rate constant using the real 
radiative rate constant the differences are negligible when compared to the ones obtained using the 
radiative enhancement factor. This indicates that the major contribution to the knr value is not 
dependent on the amount of light reaching each fluorophore, strengthening the idea that knr is mostly 
constituted of an energy transfer process from the fluorophore to the AuNP.  
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Figure 4.13. Radiative and non-radiative rate constants of FAM at different distances from 
AuNPs’ centre. A – Radiative enhancement (black circles) and radiative rate constant (white squares) 
at different distances of AuNP. B- Non-radiative rate constant considering the effect of the space 
dilution factor (white squares) and not (blue circles). 
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*Adapted from [186] 
Systems composed by AuNPs, fluorophores and DNA are ideal for the development of theranostics 
methods. The combination of the properties of each of the elements produces the potential to exceed 
the existing methods. The final goal of this project was to apply the knowledge gathered on 
modulation of fluorescence by AuNPs to recognition and characterisation of biomolecules. As 
demonstrated throughout this thesis, AuNPs and fluorophores share a modulation relation that is 
distance dependent. Simultaneously, AuNPs provide scaffold for ssDNA, modulating properties for 
fluorophores and can provide protection against destabilization agents, i.e., nucleases [185]. On the 
other hand, self-complementary of DNA is ideal for spontaneous hybridisation and recognition of 
other nucleic acids. Together, these properties may allow for more sensitive recognition of nucleic 
acids, discriminate different conformation of DNA or even detect small nucleotide deletions.  
The work developed through this thesis unveiled some information about the photophysical rate 
constants and the existence of distance-dependent effects. Nonetheless, real kr and knr could not be 
successfully determined. Based on the information available, the best way to explore the studied 
system at this point, in terms of application, is to use fluorescence emission directly. Not only is it a 
simpler way to analyse the system but it is also the more suitable if the proper corrections are 
considered. If one batch of AuNPs functionalised with oligonucleotides modified with the same 
fluorophore is used in the same optical conditions but in two different biological scenarios, i.e., 
presence and absence of a complementary target, any variations observed in fluorescence should be 
caused by conformational changes in the DNA structure. 
 
5.1. Gold-nanobeacons for real-time monitoring of RNA synthesis* 
An area that could particularly benefit from a new age of nano-based devices is RNA theranostics. 
RNA synthesis is one of the key steps in Crick’s central dogma of molecular biology [187]. Although 
through the development of molecular biology it was proved that this dogma is not accurate [188], it is 
undeniable that monitoring and understanding RNA synthesis is of great relevance for life sciences. 
The synthesis of an RNA chain using a DNA double helix as template is called transcription. The 
synthesised strand is complementary to its template strand and is, therefore, identical to the other 
strand of that duplex. RNA is a central player in gene expression. It was first characterized as an 
intermediate in protein synthesis, but since then many other RNA types have been discovered that play 
structural or functional roles at other stages of gene expression [189]. The meaning of the presence or 
absence of RNA molecules may be as critical as health or disease. In most cases, as important as 
qualitative detection of RNA is the quantitative aspect of the procedure. Often, dysregulation of the 
expression of regulatory genes leads to cancer. For that purpose, the importance of a sensitive tool that 
can quantitatively report this type of behaviour is extremely relevant. RNA molecules play a 
particularly important role in cell regulation. The absence of controlled regulation of RNA molecules 
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can sometimes lead to cancer. As such, developing a robust, sensitive and adaptable system to monitor 
and regulate RNA is vital in the prevention and treatment of cancer. 
One of the genes known to be involved in cancer when dysregulated is c-myc. The c-myc gene was 
discovered as the homolog of the retroviral v-myc oncogene for cells 20 years ago [190-193]. The c-
myc proto-oncogene was later found to be active in and related to several animal and human tumors 
[194,195]. Targeted homozygous deletion of the murine c-myc gene results in embryonic lethality, 
suggesting that it is critical for development [196]. Homozygous inactivation of c-myc in rat 
fibroblasts caused a marked prolongation of cell doubling time, further suggesting a central role for c-
myc in regulating cell proliferation [197].  
Dysregulation of c-myc expression was directly linked to increased cell replication via coordinated 
activation of different cyclin and cyclin-dependent kinases. Recent evidence has provided evidence 
that c-myc directly increases the expression of proteins that induce cell replication. c-myc is able to 
activate the expression of cyclin E as well as increase the expression of cyclin A [198-203]. Lately, 
cdc25A gene was also described as a direct target of c-myc [204,205]. This gene produces a protein 
phosphatase that activates important cell cycle regulator proteins, such as CDK2 and CDK4. On the 
contrary, c-myc was described as a downregulator of p27 expression [203,206,207], a protein that 
controls the cell cycle by forming a complex with CDK proteins. These activities of c-myc are all 
compatible with the ability of c-myc to promote cell entry into S phase of the cell cycle.  
Monitoring and controlling RNA synthesis is of great relevance for understanding the cell (and the 
organism) homeostasis. The ability to scrutinize cellular processes in vitro has become an important 
tool for novel approaches to gene studies and for molecular therapeutics [208-210]. Several techniques 
to analyse RNA synthesis in vitro have been described, e.g. Northern Blot [211], RT-PCR [212,213] 
and cDNA microarrays [214]. In addition, molecular beacons have provided a rapid and sensitive 
system capable of efficient quantitative monitoring of RNA synthesis and/or inhibition in real-time. A 
molecular beacon is a stem-loop DNA single-stranded-oligonucleotide that carries a fluorophore and a 
quencher at both ends: in absence of target, the stem-loop structure is closed forcing the fluorophore 
and the quencher to close proximity, resulting in fluorescence quenching; upon hybridisation to a 
complementary target the stem-loop sequence opens, the fluorophore and quencher are spatially 
separated and the fluorescence is restored [215,216]. Fluorescence monitoring allows quantitative 
kinetic analysis of the conformation changes occurring in the molecular beacon under various 
situations such as real-time monitoring of DNA cleavage caused by enzymes [217], protein–DNA 
interaction studies [218], real-time in vitro transcription monitoring [219,220] and real-time PCR 
detection [221].  
Although very fruitful for in vitro experiments, utilization of molecular beacons in vivo has not been 
so successful, probably due to the poor chemical stability of nucleic acids in biological media and 
107 
 
weak protection against action by nucleases. AuNPs can provide the possibility for in vivo studies of 
molecular beacon-like structures as they offer some protection against degradation [185] and can act 
as vectors for transfection into cells [222]. Such gold nanoparticle-based molecular beacons have been 
shown to detect sequence-specific DNA targets [223] and even be more sensitive in detecting single-
mismatch than regular molecular beacons [152]. 
Transcription of a gene into mRNA is highly regulated and can be switched on and off by blocking the 
respective promoter. The RNA promoter determines the maximal rate of RNA synthesis and is the site 
of binding for RNA polymerase. By controlling the enzymatic access to the promoter region, 
transcription can also be modulated.  
A system composed of AuNPs functionalised with several fluorophore-modified DNA strands each 
was devised. If each DNA strands on the surface of the AuNP can provide a signal then the total 
amount of signal will be proportional to the amount of targets in solution. Therefore, theoretically, the 
developed system should be able to provide quantitative information about a sample that is set to 
hybridise to. Having this in mind, AuNP based molecular beacon structures (Au-nanobeacons) were 
developed. First, Au-nanobeacons constituted by AuNPs with an average diameter of 14 nm (see 
Section 3.1.4) were designed. In one Au-nanobeacon, the loop in the hairpin structure is 
complementary to a fragment of the c-myc proto-oncogene mRNA produced by in vitro transcription 
(reporter); as transcription occurs, the presence of mRNA target induces the opening of the reporter’s 
structure with concomitant fluorescence intensity increment. A second one was designed to silence 
gene transcription: an inhibitor Au-nanobeacon complementary to the promoter region recognized by 
the T7-RNA polymerase, thus capable of blocking the transcriptional machinery at the specific 
promoter site and obstructing transcription. This design is for in vitro transcription but the same 
rationale may be used to target any specific gene sequence of choice. 
This double-Au-nanobeacon system can be used for real-time monitorization of RNA transcription and 
inhibition simultaneously: the reporter Au-nanobeacon monitors the transcription level while the 
second Au-nanobeacon acts as inhibitor of transcription while quantitatively assessing the number of 
sequences being inhibited. Because the inhibitor reports on the number of targets it binds to, real time 
quantification of the number of sequences being silenced at one time is obtained, and the consequent 
effect on transcription is provided by the reporter Au-nanobeacon as presented in Figure 5.1.  
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Figure 5.1. Gold-nanobeacons for monitoring and inhibition of real-time RNA synthesis. An Au-
nanobeacon is composed by a hairpin DNA structure with a gold nanoparticle at 5’ and a fluorophore 
at 3’. When the hairpin has its stem-loop structure formed the fluorophore is forced to be in close 
proximity with gold nanoparticles and fluorescence is quenched due to gold nanoparticles modulation 
properties on standard organic fluorophores. On the other hand, in the presence of a target that can 
hybridise with the loop sequence of the hairpin the stem-loop structure is opened and the fluorophore 
is parted from the gold nanoparticles resulting in restoration of fluorescence. A cy3-labeled Au-
nanobeacon hybridises with the RNA transcript as it is formed in an in vitro reaction acting as a 
reporter of the levels of transcription. Simultaneously, a FAM-labelled Au-nanobeacon is used to 
hybridise with the T7 promoter region of the dsDNA template which results in inhibition of in vitro 
transcription. The fluorescence of both Au-nanobeacons is measured and quantification of both how 
many T7 promoter sites are being blocked and how many RNA products are being formed is retrieved. 
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Much like standard molecular beacons, in the native conformation the hairpin structure is designed to 
be closed and the fluorophore and AuNP are brought together. The secondary structure prediction was 
performed using NUPACK [224] for the oligonucleotides of both Au-nanobeacons (see Reporter_NB 
and Inhibitor_NB in section 2.2. for sequence) and the free energy obtained in both cases indicates the 
spontaneous formation of the stem-loop structure at 37°C as shown in Figure 5.2. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Hairpin structure of the oligonucleotides of both Au-nanobeacons. Two-dimensional 
structures of inhibitor_NB and reporter_NB oligonucleotides (used to synthesise both Au-
nanobeacons) at 37ºC as predicted by NUPACK [224]. The free energy of secondary structure of both 
hairpins is negative, which implies a spontaneous structure at 37˚C. 
 
Since both Au-nanobeacons are to be used simultaneously the fluorophores that constitute reporter and 
inhibitor Au-nanobeacon must be different in order to have distinct signals from inhibition and 
transcription levels. This way, the choosing of fluorescein derivative 6-FAM was a logical 
consequence of the work developed in the previous chapters and was used to construct the inhibitor 
Au-nanobeacon. On the contrary, the choosing of cy3 as the other reporter molecule was a decision 
based on the relation between the technical properties required to perform the task, time to acquire the 
labelled-oligonucleotide and price. On one hand, from the possible fluorophores available at the time it 
was the cheaper that could be ordered in a double labelled oligonucleotide with a thiol-C6 group in 5’. 
According to this, cy3 was opted as the fluorophore for the reporter Au-nanobeacon. Figure 5.3 
Inhibitor_NB Reporter_NB 
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illustrates the absorption and emission spectra of both fluorophores used. FAM was excited at 
λ=490nm to explore the maximum absorbance of the fluorophore and cy3 was excited at λ=530nm to 
allow the visualization of the full emission spectra of the fluorophore and simultaneously avoid 
spectral contaminations of the inhibitor Au-nanobeacon. 
Another important factor to consider is the stability of the Au-nanobeacons in biological medium. 
Until this point in this thesis, every experiment was conducted under low salt medium that do not 
compromise the stability of either AuNPs or Au-nanoprobes. Changing to an environment that is 
favourable to enzymes usually means the increase of pressure to the stability of the AuNPs. Having 
this in mind, the Au-nanobeacons were co-functionalised with PEG molecules that should enhance the 
protection of the AuNPs against aggregation when compared to simple Au-nanoparticles probes. 
 
 
 
 
 
 
 
 
 
Figure 5.3. Absorption and emission spectra of the fluorophores. Absorption (full lines) and 
emission (dashed lines) spectra of FAM (black lines) and cy3 (grey lines). Vertical lines represent the 
excitation wavelength of each fluorophore (λ=490 nm for FAM and λ=530 nm for cy3).  
 
5.1.1. Au-nanobeacon calibration 
The response of the reporter Au-nanobeacon to the presence of complementary target (RepNB_comp) 
was calibrated using the DNA template that was subsequently used for in vitro transcription – Figure 
5.4. A 10-fold increase in fluorescence was detected upon hybridisation of the Au-nanobeacon to the 
complementary target at 37 ˚C when compared to hybridisation to non-related target, showing that the 
Au-nanobeacon is capable of specific sequence recognition. To ensure that, during transcription, the 
Au-nanobeacon in solution would not be totally hybridised to the DNA template alone before 
transcription started, a fixed amount of Au-nanobeacon was added to crescent target concentrations, 
heated and cooled-down to induce maximum hybridisation before transcription. Then, the 
0
0.2
0.4
0.6
0.8
1
400 450 500 550 600 650 700
N
o
rm
a
lz
e
d
 A
b
s
o
rp
ti
o
n
/E
m
is
s
io
n
 
Wavelength (nm) 
111 
 
fluorescence intensity of the total system before and after transcription was measured. The 
fluorescence intensity consistently increases after transcription indicating that, although higher 
quantities of template correspond to higher fluorescent intensities, there are still hairpin-structures 
available for specific hybridisation to the newly formed transcript.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4. Au-nanobeacon calibration. Reporter Au-nanobeacon normalized emission before and 
after transcription of dsDNA templates that generate complementary (black diamonds, y = 0.8482x + 
0.0719; and black triangles, y = 1.2634x + 0.1614, respectively) and non-complementary (black 
circles, y = 0.0618x + 0.0018; and white squares, y = 0.1076x + 0.0539, respectively) RNA products 
for increasing transcription template. Inset: Agarose gel demonstrating an increase in the intensity of 
the band corresponding to the transcript for higher template mass. 
 
Au-nanobeacons have more than one hairpin-oligonucleotide per nanoparticle, which results in better 
signal to background noise when compared to traditional molecular beacons, i.e., better capability to 
detect complementary targets that has also been previously reported by others [225]. From these 
calibrating experiments, a working concentration of 0.6 µg of template for the real-time assay was 
selected. The reporting signal obtained from the reporter Au-nanobeacon was further validated by i) 
hybridisation to total RNA containing complementary target – Figure 5.5; and ii) real-time quantitative 
PCR, the gold standard technique for transcript quantification – Figure 5.6. Results corroborate the 
quantification capability of the reporter Au-nanobeacon. 
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Figure 5.5. Reporter Au-nanobeacon calibration via hybridisation to total RNA. Reporter Au-
Nanobeacon normalized emission for 120 minutes at 37ºC in presence of increasing concentrations of 
total RNA (0 ng/μL – white circles, 6.7 ng/μL – black diamonds, 13.3 ng/μL – black triangles, 26.7 
ng/μL – white squares). Error bars represent at least 3 independent assays. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Reporter Au-nanobeacon calibration via real-time quantitative PCR. Real-time PCR 
of the total RNA samples tested with the reporter Au-nanobeacon (0 ng/μL – grey dashed line, 6.7 
ng/μL – grey full line, 13.3 ng/μL – black dashed line, 26.7 ng/μL – black full line). Inset: Plot of 
Cycle Threshold vs. [total RNA], y = -0.8721x + 54.1, R² = 0.9948. The Threshold Cycle (Ct) 
represents the cycle number at which the fluorescence produced within a reaction crosses the threshold 
line (horizontal dotted line at Intensity = 2). 
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The inhibitor Au-nanobeacon presents an average of 4.95±0.66 oligomer per AuNP (Appendix II, 
Figure A5). The inhibitor Au-nanobeacon was calibrated as described above for the reporter Au-
nanobeacon, showing its capability to specifically detect its complementary target sequence inducing a 
4.3-fold increase in fluorescence, while not hybridising to a non-complementary target (Figure 5.7).  
 
Figure 5.7. Inhibitor Au-nanobeacon specificity. Hybridisation kinetics of the inhibitor     Au-
nanobeacon at 37º C in presence of the complementary target (T7 primer; black diamonds) and non-
complementary target (NEG; white squares). 
 
In a typical inhibition assay, the dsDNA template (T7-MYC) is incubated with increasing 
concentrations of inhibitor Au-nanobeacon and then the transcription reaction is carried out. Following 
agarose gel electrophoresis, quantification of the amount of mRNA produced in each transcription 
showed a steady decrease with increasing amount of inhibitor Au-nanobeacon, as expected – Figure 
5.8. It is clear that the inhibitor Au-nanobeacon can effectively compete with the template DNA 
sequence for RNA polymerase and drastically reduce the level of transcription. This is in clear 
agreement with previous reports that demonstrate that AuNPs enhance the silencing capability of 
oligonucleotides, while conveying protection against nucleases [185]. At the same time it blocks 
transcription, the inhibitor Au-nanobeacon simultaneously signals out the amount of target it is 
binding to, i.e., the fraction of promoters being blocked at any given time. 
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Figure 5.8. Inhibitor Au-nanobeacon calibration via real-time quantitative PCR. Inhibitor Au-
nanobeacon normalized emission in presence of increasing dsDNA template. Inset: Transcription 
inhibition with increasing amounts of inhibitor Au-nanobeacon. 
5.1.2. Monitoring of RNA synthesis inhibition 
The reporter and the inhibitor Au-nanobeacons were used simultaneously in the same reaction vial in 
order to assess transcription and transcription inhibition as shown in Figure 5.9. Data show increasing 
fluorescence output from the reporter Au-nanobeacon with increasing concentrations of template that 
correlates with increasing levels of transcription. The presence of the inhibitor Au-nanobeacon (1 nM) 
can be noted by a decrease in fluorescence from the reporter (1 nM) Au-nanobeacon, showing that it is 
blocking transcription. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. Au-nanobeacon effect on in vitro transcription. In vitro transcription in the presence of 
the reporter Au-nanobeacon (black bars) and in the presence of both reporter (1 nM) and inhibitor (1 
nM) Au-nanobeacons (white bars) with increasing amounts of DNA template, measuring the 
fluorescent intensity of cy3 (λ=530 nm). 
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As the concentration of template increases, the level of transcription also increases showing that the 
same amount of inhibitor Au-nanobeacon is blocking a smaller percentage of all the available 
templates present in the reaction medium. In fact, considering that each AuNP of the inhibitor Au-
nanobeacon possess an average of five hairpins on its surface, one may assume that all the hairpins per 
AuNP are in the open conformation if each Au-nanobeacon is blocking five promoters. In this 
situation the inhibitor Au-nanobeacon is saturated and ceases to respond to incremental increases in 
target concentration, which happens for a concentration of target of about 10 µg (6.43×10
-11
 mol) (see 
Figure 5.8). Taken this into account and retrieving the fluorescence of the inhibitor Au-nanobeacon, it 
is possible to determine the ratio of promoters being effectively blocked  Table 5.1. The percentage 
of promoters being blocked is lower for the higher template concentrations, which correlates to lower 
inhibition and consequent higher levels of transcription, thus demonstrating that this system can 
effectively quantify the level of RNA synthesis and simultaneously assess the ratio of blocked 
promoters. This is the first time a DNA-AuNP conjugate is used to simultaneously silence 
transcription and quantify the percentage of promoters being effectively blocked, as far as can be 
searched in literature. 
 
Table 5.1. In vitro transcription inhibition vs. inhibited Au-nanobeacon hybridisation. 
 
 
5.1.3. Real-time assessment of transcription and inhibition 
Based on the previous results, the same approach was used to follow the in vitro transcription in real-
time. The results are shown in Figure 5.10. The fluorescence of the reporter Au-nanobeacon was 
measured first during the 120 minutes immediately after the addition of T7 enzyme and NTPs to a 
previously stabilized solution containing the Au-nanobeacon and template. The reporter Au-
nanobeacon signals the continuous synthesis of the complementary mRNA, whilst the production of a 
non-related transcript induces no changes to the fluorescence intensity. Because of the calibration of 
the Au-nanobeacon previously described it is possible at any time point to correlate directly to the 
actual amount of RNA being produced (as number of moles or mass). The complementary RNA 
Added template (mol ×10
-12
) 
1.29 
(0.2 μg) 
2.57 
(0.4 μg) 
3.86 
(0.6 μg) 
5.14 
(0.8 μg) 
6.43 
(1 μg) 
Inhibited template (mol ×10
-12
) 
0.23 
(17.63%) 
0.35 
(13.79%) 
0.42 
(10.79%) 
0.36 
(6.91%) 
0.49 
(7.64%) 
Inhibition of transcription (%) 96.14 90.69 66.49 62.00 56.39 
Inhibitor saturation (%) 45.34 70.95 83.23 71.08 98.28 
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product caused a linear response (y=0.1066x0.1336) corresponding to the formation of 10.6 fmol of 
RNA/min. This is extremely relevant if one is to study the regulatory and controlling elements of 
transcription of a given gene. 
 
 
 
 
 
 
 
 
Figure 5.10. Real-time monitorization with the reporter Au-nanobeacon. Real-time measurement 
of in vitro transcription of RNA products showing complementarity to the reporter (black circles) and 
without any complementarity to the reporter (white squares). The complementary RNA product 
caused a linear response (y=0.1066x0.1336) corresponding to the formation of 10.6 fmol of 
RNA/min 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Real-time in vitro transcription and inhibition using Au-nanobeacons. In vitro 
transcription was measured (excitation wavelength of 530 nm, primary axis) in real-time in presence 
of the reporter Au-nanobeacon (black circles) and in simultaneous presence of the reporter and 
inhibitor Au-nanobeacons (white squares). The emission of the inhibitor Au-nanobeacon was also 
measured throughout the experience (black stars, secondary axis, excitation wavelength 490 nm).   
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Both Au-nanobeacons were then placed in the same RNA synthesis reaction towards a dual-colour 
system for the real time monitoring of both RNA synthesis and level of inhibition. The inhibitor Au-
nanobeacon (also 1 nM) was then combined in one in vitro transcription reaction and measured the 
fluorescent intensity of both fluorophores with excitation at 490 and 530 nm. During the entire 
reaction time there was no rise in fluorescence associated with production of transcript (reporter Au-
nanobeacon), showing that the inhibitor Au-nanobeacon is effectively blocking the promoter as shown 
in Figure 5.11. The inhibitor’s emission is constant throughout the entire time lapse, and the 
percentage of blocked promoters can be easily determined via the procedure described above (7.61%). 
The level of inhibition of transcription can be easily calculated for each time point. What is more, as 
can be seen in Figure 5.12B, a normalized intensity curve can be plotted as function of the resulting 
transcription product retrieved from the agarose gel electrophoresis - Figure 5.12A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Confirmation of transcription. A. Agarose gel electrophoresis of the transcription 
product as function of time. B. Normalized intensity curve plotted as function of the resulting 
transcription product retrieved from the agarose gel electrophoresis (white triangles) and with the 
fluorescence intensity measurements of the reporter Au-nanobeacon (black circles) for 120 minutes 
immediately after the addition of T7 enzyme and NTPs to a previously stabilized solution containing 
the Au-nanobeacon and template. All transcription reaction products were also evaluated on a 3% 
agarose gel electrophoresis with GelRed
TM
 staining. Product quantity determination was performed by 
pixel intensity/counting using ImageJ
TM
 imaging software as previously described [164]. 
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Real-time monitoring of RNA transcription reactions gave fluorescence plots with an initial lag phase, 
followed by a first-order increase. The initial lag may be due to assay sensitivity and kinetics of 
double-helix formation between the Au-nanobeacon and its RNA target. Comparison between the 
linear phase of the RNA synthesis for the reporter Au-nanobeacon (black circles) and reporter + 
inhibitor (white squares) demonstrate that we can achieve a 14.1-fold decrease in RNA synthesis after 
60 minutes of transcription (618 fmol of RNA and 43.9 fmol of RNA, respectively). These results 
were confirmed through quantification of transcription via agarose gel electrophoresis as depicted in 
Figure 5.13. 
 
Figure 5.13. Agarose gel electrophoresis of end-point measurements of RNA synthesis and 
inhibition using active and non-active (denaturated) T7 RNA polymerase. Data show that 
fluorescence is strictly dependent of transcription of the added template. Lane 1 – Reporter + Inhibitor 
with active T7 Pol., Complementary target (T7-MYC); Lane 2 – Reporter with active T7 Pol., 
Complementary target (T7-MYC); Lane 3 – Reporter + Inhibitor with non-active T7 Pol., 
Complementary target (T7-MYC); Lane 4 – Reporter with non-active T7 Pol., Complementary target 
(T7-MYC); Lane 5 – Reporter with active T7 Pol., Non-complementary target I (X); Lane 6 – 
Reporter + Inhibitor with active T7 Pol., Non-complementary target I (X); Lane 7 – Reporter with 
active T7 Pol., Non-complementary target II (T7-Y); Lane 8 – Reporter + Inhibitor with active T7 
Pol., Non-complementary target II (T7-Y). 
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*Adapted from [226] 
5.2. Gold-nanobeacons for simultaneous gene specific silencing and intracellular tracking of the 
silencing events* 
The potential of Au-nanobeacons for in vitro RNA detection was demonstrated in the last section. One 
logical step in the development of this type of biosensors is to explore the advantages provided by the 
AuNPs as potential vector. As such, going for an in situ detection system seems appropriate. In this 
specific scenario, when one Au-nanobeacon hybridises with a target it will not only provide the signal 
associated with change in its conformation but also block the function of the target. As such, besides 
performing its function as sensor, the Au-nanobeacon also works as an effector therapeutical agent 
turning it into a very promising theranostics approach. 
Three potential targets were devised in order to show the versatility of the system. Au-nanobeacons 
were designed to intersect mRNA, siRNA and miRNA. Depending on the target, Au-nanobeacons can 
be used either to downregulate a specific gene or to silence the silencers of a specific pathway, 
allowing for recovery of previously downregulated gene expression while simultaneously tracking cell 
internalization and identifying the cells where silence is occurring. A scheme of the strategies that 
were followed is shown in Figure 5.14. 
 
5.2.1. Theranostics system on mRNA pathways 
To assess the potential of the Au-nanobeacons for in situ detection and simultaneous gene silencing, 
HCT-116 cells were transfected with EGFP. The antisense Au-nanobeacon was designed to target the 
Kozak consensus translation initiation site and start codon of the EGFP expression vector. This is 
intended to turn the Au-nanobeacon capable of blocking the transcriptional machinery in the colorectal 
cell-line in addition to its biomolecular recognition function.  Stable AuNPs with an average diameter 
of 14.6±1.7 nm (third batch of cit1, see section 3.1.4) were synthesized and functionalised with 
poly(ethylene glycol) (PEG) spacers to increase stability, biocompatibility and grant chemical 
functionality as well as avoid opsonisation (PEG coverage in Appendix II, Figure A6) [227,228]. 
PEGylated AuNPs were then functionalised with a Cy3-labelled hairpin-DNA and calibrated to 
respond to the specific complementary target – Figure 5.15.  
A substantial increase in fluorescence was detected upon hybridisation of the Au-nanobeacon to the 
complementary target (ssRNA, siRNA and microRNA oligonucleotides) at 37 ˚C, showing that the 
Au-nanobeacons are capable of specific sequence recognition.  The number of beacons per AuNP was 
determined for all constructs, together with the hydrodynamic diameter by Dynamic light Scattering 
(DLS), gold core diameter by Transmission Electron Microscopy and surface charge by Zeta-potential 
(see Appendix II, Table A1). 
 
120 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.14. Au-nanobeacons as multi-targeting tools for RNAi: from specific gene silencing to 
Silencing the Silencers. (a) GENE SILENCING – Human cancer cells (HCT-116) efficiently 
transfected with EGFP expression vector were used for assessing the gene silencing potential of Au-
nanobeacons – Antisense Au-nanobeacon (1) and by traditional siRNA approach (2). Upon 
hybridisation to the target sequence, the beacons’ conformation change leads to fluorescence emission 
that signals target recognition and that silencing is occurring. (b) SILENCING THE SILENCERS – 
specific Au-nanobeacons are capable of intersecting both pathways – siRNA (3) and miRNA (4), 
leading to recovery of previously downregulated gene expression while simultaneously discriminating 
cells where silencing is occurring. The fluorescence signal may allow for tracking cell internalization 
and sub-cellular localization. The Au-nanobeacons’ potential for anti-cancer therapeutics via the 
silencing of the silencers is demonstrated by blocking the endogenous microRNA pathway via an 
Anti-miR Au-nanobeacon complementary to the mature microRNA-21 (miR-21), commonly 
upregulated in cancer phenotypes [229]. 
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Figure 5.15. Au-nanobeacons specificity for target. Fluorescence emission as function of 
hybridisation time with (a) the antisense Au-nanobeacon, (b) anti-siRNA Au-nanobeacon, and (c) anti-
miR Au-nanobeacon at 37ºC in presence of the complementary target (white squares) or a non-
complementary target . Target sequences are depicted in Table 1. 
 
The silencing effect of these antisense Au-nanobeacons (58±4 beacons per nanoparticle) was 
compared to that of traditional siRNA transfection using lipofectamine. All cellular uptake assays 
were carried out with serum-free media to avoid unspecific binding of serum proteins to the Au-
nanobeacons and compromise cell uptake. Results show that both approaches are effective at blocking 
EGFP expression. After 24 hours of EGFP vector transfection, cells were treated with 30 nM of 
antisense Au-nanobeacons or 10 nM of siRNA for optimal EGFP silencing (Appendix III, Figure 
A11). After 48 hours of Au-nanobeacons exposure, the cells were lysed and the bulk fluorescence of 
the lysate was measured in the emission range of the EGFP protein (Excitation/Emission, 480/510 nm) 
and collected for total RNA extraction. Quantification of EGFP expression by direct measurement of 
EGFP fluorescence levels in bulk cell lysates at 48 hours – Figure 5.16b – reveals similar silencing for 
both approaches: 39.7±12.5% and 37.9±12.6% for antisense Au-nanobeacon and siRNA, respectively. 
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These data are corroborated by qRT-PCR (Figure 5.16a). EGFP expression is not affected by a 
nonsense Au-nanobeacon (32±3beacons per NP) or nonsense siRNA indicating that the knockdown is 
sequence specific. No changes in cell viability that would indicate off-target effects were observed 
(see Appendix III, Figure A12). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16. Au-nanobeacon silencing of specific gene expression in colorectal carcinoma cell line 
(HCT-116).  HCT-116 cells were transfected with EGFP expression vector and mRNA expression 
confirmed by qRT-PCR before and (a) after siRNA and Antisense Au-nanobeacon transfection, using 
β-actin as reference. (b) EGFP silencing was confirmed by significant fluorescence decrease (**, P ≤ 
0.005) in bulk cell lysates (as percentage of original EGFP fluorescence levels), using an unrelated 
siRNA (Nonsense siRNA) or unrelated hairpin DNA bound onto AuNPs (Nonsense Au-nanobeacon). 
Values are means ± s.d. from 6 independent experiments. (c) Confocal imaging (scale bar, 10 µm) 
show HCT-116 cells expressing EGFP after transfection with siRNA 10 nM, Nonsense siRNA 10 nM, 
Antisense Au-nanobeacon 30 nM and Nonsense Au-nanobeacon 30 nM. EGFP expression levels can 
be evaluated by the intensity of its fluorescence (green) and Au-nanobeacons in open conformation 
(red, Cy3) can be identified as fine punctuation dispersed throughout the cytoplasm. (d) Relative 
fluorescence intensity of Au-nanobeacons (Cy3, black bars) and EGFP (white bars) obtained after 
individual colour channel analysis of the same confocal images using ImageJ software. 
 
Confocal imaging clearly shows specific EGFP knockdown by siRNA anti EGFP and antisense Au-
nanobeacon (Figure 5.16c). Cells show a punctuate fluorescence pattern indicating that the antisense 
Au-nanobeacons are distributed evenly in the cytoplasm (Figure 5.16c), and a closer examination 
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revealed more fluorescence in perinuclear regions. It should be noted that Au-nanobeacons require no 
transfection agent to enter cells. The intensity of fluorescence signals was broken down by specific 
channels that show striking differences for Cy3 and EGFP emissions related to the antisense and 
nonsense Au-nanobeacons, i.e., silencing occurs upon hairpin conformational change due to specific 
hybridisation to the target sequence, which can be identified via the fluorescence emission. This way, 
effective silencing can be evaluated by the beacons’ fluorescence (Figure 5.16d). Measuring the 
intensity of the Cy3 and EGFP channels, a decrease in EGFP fluorescence can be observed together 
with an increase in antisense Au-nanobeacons signal. The opposite occurs with the respective control, 
the nonsense Au-nanobeacon. This data demonstrates that silencing is attained only when the Au-
nanobeacon opens and emits fluorescence that in turn signals out the localization and effectiveness of 
silencing (Figure 5.17).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17. Antisense Au-nanobeacon silencing of EGFP. Striking differences for Cy3 and EGFP 
emissions related to the antisense and nonsense Au-nanobeacon effect can be observed, thus 
confirming that silencing occurs upon hairpin conformational change due to specific hybridisation to 
the target sequence. Black and white imaging of each channel allows each signal to be observed 
separately. The intensity of each individual signal can then be quantified. This process confirms that 
the effect of Au-nanobeacons on gene expression modulation is only felt in presence of target-induced 
opening of the structure. Scale bar, 10 µm. 
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Once EGFP expression had been blocked by siRNA, the silencing effect was reversed and EGFP 
expression was recovered via an anti-siRNA Au-nanobeacon that blocks siRNA. A specific anti-
siRNA Au-nanobeacon was synthesized with 31±5 anti-siRNA beacons per nanoparticle. 
Quantification of the number of beacons at the AuNPs’ surface is crucial to match the siRNA being 
used to silence. Therefore, 10 nM (beacon concentration on AuNP) of anti-siRNA Au-nanobeacon 
were added to the cell media previously incubated with 10 nM of siRNA at several delays of 
incubation (0.5h, 1h, 3h, 6h and 24 hours). After 48 hours, the cells were lysed and collected for 
analysis of EGFP recovery (Figure 5.18). Silencing of the silencer, i.e., blockage of the siRNA, is 
most effective for the first 3 hours of incubation, where maximum EGFP recovery is accomplished 
after 0.5 hours of siRNA transfection (80.6±14.8% recovery of EGFP expression) and barely detected 
after 24 hours. Expression of the EGFP was also confirmed by qRT-PCR analysis of transfected HCT-
116 cells (Figure 5.18a and b). Again, confocal imaging (Figure 5.18d and e) clearly shows EGFP 
recovery using an anti-siRNA Au-nanobeacon, particularly when compared with a non-sense Au-
nanobeacon for 0.5 and for 24 hours. Surprisingly, EGFP recovery decreases in a time dependent 
manner showing almost no recovery at 24 hours of incubation after adding the “silencer”. The high 
levels of expression recovery by silencing the silencer with an anti-siRNA Au-nanobeacon, which 
successfully blocks the antisense strand of siRNA, together with the persistent recovery of EGFP may 
be the result of the stabilization of hairpin-DNA on nanoparticle. Gold nanobeacons provide 
significant protection from nuclease degradation in an extracellular context, probably due to the 
hairpin configuration and to the proximity of the oligonucleotide to the gold surface, increasing the 
resistance to nuclease degradation and the oligonucleotide lifetime in the cell [185,230]. This data 
shows that the Au-nanobeacon approach uses the beacon’s fluorescence to track the silencing inside 
the cell whilst evaluating whether the target is effectively being silenced. It is clear that the beacon’s 
fluorescence increases for increased levels of silencing (Figure 5.18f). Once again, the fluorescence 
intensity in each channel shows an increase (recovery) in EGFP fluorescence when there is an increase 
in anti-siRNA Au-nanobeacon signal (Cy3). And that the reverse is also true, i.e., the nonsense Au-
nanobeacon that does not silence the siRNA, is not capable to promote EGFP recovery (Figures 5.18f 
and 5.19). 
Single-stranded RNA oligonucleotides were used to silence the antisense Au-nanobeacon and a 
70.3±15.5% of EGFP recovery was attained. Interestingly, for the first hour of incubation, the 
silencing of the Au-nanobeacon by ssRNA oligonucleotides was more effective than that of the anti-
siRNA Au-nanobeacon (Supporting Information Figure S8 and FigureS11c and d). However, the 
recovery of EGFP due to silence of the siRNA seems to last for longer and 10-20% more than that 
observed when the antisense Au-nanobeacon is silenced by the ssRNA, which might be due to 
increased degradation of naked ssRNA by nucleases [185,231]. 
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Figure 5.18. Au-nanobeacons silencing of siRNA leads to EGFP expression recovery. HCT-116 
cells were transfected with EGFP expression vector, followed by co-transfection with 10 mM anti-
EGFP siRNA and 10 nM (concentration of beacon on AuNP) Anti-siRNA Au-nanobeacon or 
Nonsense Au-nanobeacon and points measured with several delays of incubation (0.5, 1, 3, 6 and 24 
hours). (a) EGFP recovery confirmed by qRT-PCR after treatment with Anti-siRNA Au-nanobeacon 
or Nonsense Au-nanobeacon using β-actin as reference. (b) Maximal effect of the Au-nanobeacon on 
siRNA silencing is attained almost immediately (0.5 h), which then decreases levelling at circa 40% 
EGFP recovery. (c) Significant EGFP recovery (asterisk, P ≤ 0.05) as function of time from incubation 
with anti-siRNA Au-nanobeacon is corroborated by fluorescence evaluation in bulk cell lysates (as 
percentage of original EGFP fluorescence levels), using a Nonsense Au-nanobeacon as control. Values 
are means ± s.d. from 3 independent experiments. Confocal imaging (scale bar, 10 µm) show EGFP 
recovery at (d) 0.5 and (e) 24 hours delay incubation. Arrows point to Au-nanobeacons (Cy3) only 
observable in the cytoplasm of cells with high levels of EGFP recovery. (f) Silencing of silencers 
effect is corroborated by the relative fluorescence intensity of Au-nanobeacons (Cy3, black bars) and 
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EGFP (white bars) after individual colour channel analysis of the same confocal images using ImageJ 
software. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19. EGFP recovery due to anti-siRNA Au-nanobeacon silencing of siRNA. It can be 
clearly seen that only when the anti-siRNA Au-nanobeacon is emitting fluorescence, thus silencing 
siRNA, EGFP recovery is observed. The nonsense Au-nanobeacon shows no effect. Regarding the 
EGFP recovery by ssRNA oligonucleotides used to silence the antisense Au-nanobeacon, there is no 
difference in Cy3 channel (c) once all cells are incubated with 30 nM of antisense Au-nanobeacon. 
The EGFP channel (d) clear demonstrates that EGFP recovery was attained only by ssRNA 
oligonucleotides anti-antisense Au-nanobeacon, when compared to ssRNA nonsense. Scale bar, 10 
µm. 
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*Adapted from [226] 
5.2.2. Theranostics system on miRNA pathways* 
Au-nanobeacon strategy effectiveness was also tested at targeting and silencing an endogenous 
miRNA. This could represent an important step towards modulation of miRNA pathways in a simple 
and straightforward way, making the Au-nanobeacon a valid therapeutic approach against oncomiRs. 
MiRNAs are a class of small non-coding RNAs whose mature products are ~22 nucleotides long. 
They negatively regulate gene expression by inducing translational inhibition or transcript 
degradation. MiRNA-21 was one of the first miRNAs to be identified as transcribed by RNA 
polymerase II, which subsequently has been identified as a major driver of miRNA transcription 
[229,232]. miR-21 has been found to be upregulated in many pathological conditions including cancer 
and cardiovascular diseases [229,233]. A non-transcriptional mechanism for miR-21 regulation 
implying gene amplification, rather than promoter hyper-activation, has been proposed [234]. 
However, most of the available data suggest that miR-21 expression is maintained by transcriptional 
and post-transcriptional regulation.  
Due to its ubiquitous role in various biological processes, the interest in miRNA-21 has dramatically 
increased during recent years, especially in cancer and cardiovascular diseases. [233,235,236]. In a 
subsequent large scale study from 540 human samples, it was found that miR-21 is the only miRNA 
that is overexpressed in six solid cancers including that of lung, breast, stomach, prostate, colon and 
pancreas. In later studies miR-21 was established as an oncogenic miRNA and its overexpression was 
shown in most cancer types analysed so far. miR-21 has also been described to play important roles in 
regulation of the immune system, development and epithelial-to-mesenchymal transition [229]. 
To apply the Au-nanobeacon strategy, an anti-miR-21 Au-nanobeacon (33±3 anti-miR beacons per 
nanoparticle, see Appendix II) was used to block miR-21, which is upregulated in the HCT-116 cell 
line. The miR-21, referred as an “oncomiR” has been found to be over-expressed in most epithelial 
cancers and therefore, believed to play a pivotal role in the progression of many malignancies, 
including colon cancer and in colorectal carcinoma cells [237]. Quantitative expression and silencing 
efficiency of miR-21 was performed by qRT-PCR using 10, 30 and 50 nM of anti-miR-21 Au-
nanobeacon during 24, 48 and 72 hours of incubation. Data shows that steady state expression of miR-
21 was transiently but substantially inhibited by the specific Au-nanobeacon at 48 hours (88.5±1.4% 
miR-21 down regulation) and barely reduced at 72 hours (Figure 5.20d and e). Confocal microscopy 
results (Figure 5.20a and b) show that miR-21 silencing is associated with increased Au-nanobeacon 
fluorescence that can be used to assess the silencing effect (Figure 5.21). Data from the Cy3 channel 
shows that specific target recognition by anti-miR-21 Au-nanobeacon leads to higher signal intensity 
than that of the nonsense Au-nanobeacon (Figure 5.20c), demonstrating that miR-21 silencing is 
attained only when the anti-miR-21 Au-nanobeacon opens and emits fluorescence (Figure 5.22). 
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To reassure that the Au-nanobeacon fluorescence emission is due to the specific recognition of the 
target inside cells, thus avoiding false positive signals, the Au-nanobeacons were incubated with 
increasing concentrations of dithiothreitol (DTT) or glutathione (GST) to mimic the reductive cell 
milieu (Appendix II, Figure A10). Incubation of anti-miR Au-nanobeacon with 5 mM (physiological 
concentration), 10 mM and 100 mM of DTT at 37ºC during 24 hours, showed no increase in 
fluorescence, which demonstrates that, at physiological reductive conditions, the Au-nanobeacons’ 
emission is due to hybridisation to the specific target sequence. Data shows no increase in 
fluorescence up to 24h incubation, which demonstrates that, at physiological reductive conditions, the 
Au-nanobeacons’ emission is due to hybridisation to the specific target. 
For all experiments, cell survival rates upon siRNA and Au-nanobeacon exposure were determined via 
the MTT assay on HCT-116 cells, with the same experimental conditions of both silencing and 
recovery of expression. No cell cytotoxicity was detected up to 48 and 72 hours incubation for all Au-
nanobeacons and oligonucleotides (Appendix III, figure A12). 
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Figure 5.20. Au-nanobeacons silencing of miR-21. Confocal imaging (scale bar, 10 µm) shows 
internalization of 50 nM (a) Anti-miR Au-nanobeacon 50 nM and (b) Nonsense Au-nanobeacon. 
Target (mature miR-21) recognition leads to change of Anti-miR Au-nanobeacon conformation in the 
cytoplasm with concomitant fluorescence signal (red, Cy3) encircling the cell nuclei (blue, DAPI). (c) 
Specificity of target recognition is corroborated by the relative fluorescence intensity of Au-
nanobeacons reading in the Cy3 channel (black bars). (d) Quantitative assessment of miR-21 silencing 
in colorectal carcinoma cells (HCT-116) induced by 10, 30 and 50 nM of Anti-miR Au-nanobeacon 
for 24, 48 and 72 hours of incubation using β-actin as reference was confirmed by RT-PCR followed 
by agarose gel electrophoresis. (e) qRT-PCR analysis of assay versus control normalized for β-actin 
expression for the same conditions depicted as in (d), error bars indicate ± s.d. from 3 independent 
experiments. 
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Figure 5.21. Intracellular localization of the anti-miR-21 Au-nanobeacon. Cell show a punctuate 
fluorescence pattern indicating that the anti-miR Au-nanobeacons distributed evenly in the cytoplasm 
(white arrows) following hairpin conformational change due to specific hybridisation to the miR-21 
target sequence. A large amount of fluorescence seems to be engulfed in a localized compartment 
above the plan of the nucleus, possibly indicating entrapment in cell vesicle. 
 
 
 
 
 
 
 
 
Figure 5.22. Silencing the silencers via anti-miR Au-nanobeacons. Silencing of miR-21 is clearly 
observed when the Anti-miR Au-nanobeacon is open due to hybridisation to the target, shown by the 
increased fluorescence intensity in Cy3 channel. These results corroborate what is shown above 
(Figure 5.20). The nonsense Au-nanobeacon only shows residual fluorescence hardly observable 
above background. Scale bar, 10 µm. 
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5.3. Gold nanobeacons for RNA isoform detection  
The developed system proved to be versatile and applicable to in vitro and in situ theranostics 
applications. The photophysical parameters of the Au-nanoprobes cannot be used due to the 
impossibility to separate the scattering component from the kr. However, the system was shown to 
have potential as an in vitro diagnostics tool and potentially therapeutic tool as well. The same 
principle that fluorescence intensity can be used directly to measure the behaviour of the Au-
nanobeacons should also be applicable to a distance analysis. On a similar note to what is described 
earlier in this work, if a batch of Au-nanobeacons is used throughout the experiments then any 
variation in observed fluorescence should be regarded as being caused by a change in conformation of 
the Au-nanobeacon.  
The WT1 was chosen as target to test the applicability of these systems to distance analysis.  The WT1 
gene encodes proteins carrying four C-terminal zinc-fingers and is characterized by multiple 
alternative isoforms. Combinations of alternative exons, alternative start codons, alternative splice 
sites and RNA editing can theoretically give rise to 36 different proteins [238]. The physiological 
relevance of most variations remains to be confirmed, with the exception of the KTS isoforms. In this 
case, the presence (+) or absence (-) of the three aminoacids lysine (K), threonine (T) and serine (S) 
results in two distinct isoforms: +KTS or –KTS. This variation is conserved throughout vertebrate 
evolution, and targeted mouse models specifically removing the +KTS or −KTS isoforms show 
different phenotypes in the homozygous state [239,240], confirming at least partially differing 
functions for these isoforms. The zinc fingers have been found to function in the sequence-specific 
binding of nucleic acids. The +KTS isoform’s functions appear to be related to post-transcriptional 
functions, as they can be found in splicing speckles and can directly bind to splicing factors [241–
244]. The –KTS form can act as an activator or a repressor of target genes in a cell type-dependent 
context [238,241].  
The ratio of +KTS/−KTS isoforms is conserved across tissues, ranging from 1.10 to 1.49 in humans 
[245]. A disruption of the equilibrium of both isoforms can bear severe consequences. For example, 
Frasier Syndrome – characterized by unspecific focal segmental glomerular sclerosis, male-to-female 
sex reversal (female external genitals, gonads of reduced size, XY karyotype), and a high risk of 
gonadoblastoma [246] –results from a heterozygous point mutation in the splice donor site in intron 9, 
resulting in the loss of +KTS isoform expression from one allele [245]. This results in a reduction of 
the amount of WT1+KTS which leads to the severe developmental abnormalities seen in Frasier 
Syndrome patients. The importance of the ratio of WT1 isoforms has been further highlighted by the 
generation of mouse strains in which the ability to express specific isoforms has been removed. 
Heterozygous mice with a reduction in WT1+KTS isoform expression develop glomerulosclerosis and 
represent a model for Frasier Syndrome, and homozygous mice not able to express +KTS isoforms 
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show complete XY sex reversal [245]. In 1990, the WT1 gene, inactive in 15–20% of Wilms’ tumour 
cases, was identified on chromosome 11 (11p13) [247-250]. Early work on the expression pattern of 
the gene in humans [251] and mice [252] immediately gave important clues on the biology of the 
disease and led to important hypotheses on the developmental functions of the gene. Since then, WT1 
has been confirmed to be involved in a variety of developmental processes [247].  
The possibility of using the potential of distance dependence fluorescence modulation of 
WT1_S_FAM Au-nanobeacon as molecular rulers was tested by using 2 synthetic oligonucleotides. 
The WT1_S_FAM was designed to target a part of the mRNA molecule resultant from the 
transcription of WT1. As was explained before, this fragment can be expressed in two isoforms: one 
including 9 nucleotides coding for Lys-Thr-Ser (+KTS) and one excluding those nucleotides (-KTS). 
Since RNA oligonucleotides are more expensive and less stable for long periods, two DNA 
oligonucleotides with the same sequence of the biological target (WT1+KTS and WT1-KTS) were 
designed to hybridise with Au-nanobeacon at 15˚C in order to assess the feasibility of this system to 
detect specific minor differences in the sequence size – see Figure 5.23. When hybridised to 
WT1+KTS, the Au-nanobeacon should form a hybrid DNA-RNA double helix. On the contrary, when 
hybridised with WT1-KTS there will be 9 nucleotides in the middle of the sequence of the Au-
nanobeacon that will not be paired and a different secondary structure should appear.  
 
 
 
 
 
 
 
 
 
 
Figure 5.23. Gold nanobeacons for RNA isoform detection. The WT1_S_FAM Au-nanobeacon 
labelled with FAM will hybridise completely with a fully complementary target (WT1+KTS) or only 
partially with a partially complementary target (WT1-KTS). In the presence of a non-complementary 
target the signal configuration should remain similar to the initial one. The hybridisation of the 
WT1_S_FAM Au-nanobeacon with WT1+KTS should form a hybrid DNA-RNA double helix. On the 
contrary, when hybridised with WT1-KTS there will be 9 nucleotides of the sequence of the Au-
nanobeacon that will remain unpaired and a different secondary structure may occur. 
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Following the strategy used before in this chapter, Au-nanobeacons were synthesised using 
WT1_S_FAM and AuNPs with an average diameter of 14.4±2.0 nm (second batch of cit2, see Section 
3.1.4) were designed. WT1_S_FAM was designed to be a hairpin DNA structure whose loop is 
complementary to the part of the mRNA transcript from WT1 that contains the KTS area. The 
structure of the Au-nanobeacon was predicted using NUPACK. The result is shown in Figure 5.23A. 
The predictable secondary structure of the product of the hybridisation with both target 
oligonucleotides is shown in Figure 5.23B (WT1+KTS) and Figure 5.23C (WT1-KTS). The Au-
nanobeacon hairpin sequence is fully complementary to the oligonucleotide WT1+KTS.  The 
hybridisation between the Au-nanobeacon and WT1+KTS is predicted result in a double helix with 
full and direct complementarity to the Au-nanobeacon. On the contrary, WT1-KTS will only hybridise 
with both ends of the Au-nanobeacon which is predicted to result in a more unstable structure as can 
be seen by the lower free energy of the secondary structure. According to the results obtained with 
NUPACK (used to predict secondary structures of nucleic acids) the hybridisation of WT1_S_FAM 
will disrupt the hairpin structure promote the formation of a two independent structures: one that is 
linear and semi-rigid such as the double helix and another with 9 unpaired nucleotides that should 
force an angle to appear in double helix. It is legitimate to hypothesise that these two structures will 
put the fluorophore at different distances from the AuNP. Besides the designed stem sequences, 
WT1_S_FAM also shows weak self-complementarity within the sequence designed to hybridise to 
WT1 mRNA. Regardless of this fact, both thiol group (where the AuNP will bond) and the fluorophore 
will still be forced to be together at this temperature. 
 
5.3.1. WT1_S_FAM Au-nanobeacon characterization 
Hybridisation was performed by heating the samples at 95˚C for 5 minutes and letting it cool down to 
15˚C. Fluorescence spectra were subsequently measured at the same temperature for all the samples as 
shown in Figure 5.24A. The spectra obtained show 4 distinct signals. Hybridisation with WT1+KTS 
and WT1-KTS increases the fluorescence intensity of the Au-nanobeacons when compared to the Au-
nanobeacon alone. On the contrary, a similar protocol with a non-complementary target decreases 
emission comparing with the initial state. From Figure 5.24A it is possible to distinguish the 
fluorescence intensity that corresponds to WT1+KTS and WT1-KTS but the signals show only a 10% 
difference and could be within the experimental error. The experiment was triplicated in order to 
ascertain the level of error within the measurements. The area under the curve of all spectra was 
calculated for a more accurate quantification and the average values are shown in Figure 5.24B. The 
error bars correspond to the standard deviation of the measurements which should clarify whether the 
differences are larger than the experimental error. 
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Figure 5.23. Secondary structure of WT1_S_FAM in presence and absence of complementary 
targets. Two-dimensional structure of the WT1_S_FAM oligonucleotide in absence (A) and presence 
of complementary targets (B and C) at 15ºC as predicted by NUPACK [224]. In B a fully 
complementary target (WT1+KTS) is hybridised with WT1_S_FAM forming a double helix while in 
C a partially complementary sequence (WT1-KTS) is hybridised to WT1_S_FAM forming a double 
helix with a gap of 9 nucleotides. The free energies of secondary structures presented are negative, 
which implies that all structures are spontaneous at 15˚C. 
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Figure 5.24. WT1 Au-nanobeacon specificity. A - Fluorescence intensity after hybridisation of the 
WT1 Au-nanobeacon at 15º C in Phosphate buffer 10 mM (pH 8) in presence of a fully 
complementary target (WT1+KTS, full line line), a partially complementary target (WT1-KTS, dashed 
line) and non-complementary target (dotted line). The fluorescence intensity in the absence of target is 
also shown (grey line). B – Area under the fluorescence curves shown in A. Error bars show the 
standard deviation of triplicate experiments.  
 
These results are very promising and show three independent signals for three types of target. Even if 
the differences are very thin, they are still outside the experimental error. If anything is to be learned 
throughout the work in this thesis is that all the possibilities must be accounted for. This means that 
although the signals are different in direct fluorescence measurement, it is still possible that this 
difference is not due to a distance variation. One other very plausible cause for the observed results 
may be that the number of targets hybridised to each Au-nanobeacon is different for all three tested 
targets. If for NEG2 it is rational that no hybridisation has occurred, for WT1+KTS and WT1-KTS 
this may not be the case. As shown in Figures 5.23B and C, the hybridisation between the Au-
nanobeacon and WT1+KTS and WT1-KTS is associated to different free energies. This suggests that 
the number of strands hybridised to the Au-nanobeacon could be different for both targets. In that case 
the increase in intensity could be due to an increase of hairpins that are dislodge from the surface of 
the AuNP rather than information about the distance at which the AuNP is from the fluorophore. To be 
sure that the difference in the observed fluorescence intensity is due to a distance effect, it is necessary 
to assess the number of fluorophores hybridised to the Au-nanobeacon in each case.  
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Table 5.2. Quantification of the number of strands hybridised to WT1 Au-nanobeacon in 
presence of a fully complementary target (WT1+KTS), a partially complementary target (WT1-
KTS) and non-complementary target (NEG2). 
 
 
 
 
 
The procedure used to analyse the fluorescence signal of the Au-nanoprobes when hybridised to the 
targets was repeated using oligonucleotides labelled with cy5. The samples were later centrifuged to 
remove the excess of target. The number of non-hybridised strands was determined by analysing the 
supernatants after washing the Au-nanobeacons. The amount of target that did not interact with the 
Au-nanoprobes was determined by comparing the fluorescence of the supernatants with that of a 
calibration curve – see Appendix IV. Table 5.2 shows how the template partitioned between the Au-
nanobeacon and the supernatant. 
The error associated with the determinations is too big for any conclusions. The experiment has been 
repeated in order to clarify if the errors were sporadic or associated with the experiment. The results 
were similar. Not knowing the amount of target hybridised with the Au-nanobeacon in each case 
negates further advance in the understanding of the system, i.e., knowing how intense is the 
fluorescence intensity associated to each WT1_S_FAM strand when hybridised with both targets. 
Other strategies could be developed to try to estimate the amount of targets hybridised with the Au-
nanobeacon. A more sensitive alternative strategy could lie on the use of radioactive-labelled synthetic 
target. 
The development of an Au-nanobeacon analytical system for distances could follow a different path. 
The characterization of the system was not successfully achieved but the results concerning the 
fluorescence intensity signals from the Au-nanobeacons seem promising as biosensor. Since this Au-
nanobeacon was only tested using synthetic DNA oligonucleotides it may be important to explore the 
evolution of its signal when hybridising to RNA samples, since the biological samples it was designed 
for are RNA samples.  
RNA produced using in vitro transcription are a more appropriate targets to test the feasibility of the 
system as detection and analysis system than DNA oligonucleotides as they are more similar. To be 
able to produce RNA transcripts, it was necessary to clone the desired sequence. RNA was extracted 
from HCT-116 cell line and from kidney of patient of Wilms Tumour. Reverse Transcription was 
applied to the product of the RNA extraction and followed by PCR reaction using the conditions 
explained in Section 2.6.1.1.2 of this work. Although several conditions were tested, it was never 
possible to obtain a PCR product that could be ligated to the vector. Only a very faint band could be 
Target [non-hybridised target] (µM) [hybridised target] (nM) 
WT1+KTS 0.987 ± 0.070 0.013 ± 0.070 
WT1-KTS 1.038 ± 0.286 -0.038 ± 0.286 
Non-complementary 1.040 ± 0.020 -0.040 ± 0.020 
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seen in one gel but the product of ligation was never successfully reamplified for confirmation. As a 
last resort, a transfection of the vectors ligated with the PCR products obtained was tested but no 
viable colonies were detected. A reason for the absence of an effective PCR product can be speculated 
for the two sources of biological material that were tested. The kidney sample used to extract RNA 
was stored at -80˚C for over 10 years and the extracted RNA could be degraded. As for the RNA 
extracted from the HCT-116 cell line, it is possible that WT1 was not being expressed. HCT-116 cells 
are epithelial cells derived from colorectal carcinoma cells while WT1 has an essential role in the 
normal development of the urogenital system. It is plausible to argue that WT1 may not be activated in 
HCT-116 cells. 
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CHAPTER 6. General Discussion and Conclusions 
 
  
140 
 
  
141 
 
The advances in nanoscience brought significant impact on many other scientific fields, with particular 
interest in biomedical applications ranging from biomolecular detection, characterisation of interaction 
between biomolecules both in vivo and in vitro, and towards the development of therapeutics. 
Amongst these topics, the interaction of nanomaterials with light appeared as the chance to develop 
more sensitive and robust biomolecular diagnostics.  
The main objective of this thesis was to study the fluorescence modulation induced by gold 
nanoparticles (AuNPs) on fluorophores nearby and/or bonded to the AuNPs’ surface through nucleic 
acid molecules. The understanding of the effect of distance in the spectral properties of fluorophores 
would allow the development of a biosensor for the characterisation of DNA and/or RNA sequences 
towards the development of diagnostics and/or molecular therapy approaches. Throughout the work 
presented in this thesis, data was obtained regarding the modulation properties of gold nanoparticles 
on fluorescence and their application for nucleic acid detection. The experimental work developed in 
this thesis provided valuable information about AuNP-fluorophores systems. An experimental-based 
approach was devised to characterise AuNP-fluorophore systems and clarifying the events associated 
with AuNP-induced fluorescence modulation for a broader evaluation of the system: 
- The AuNPs in solution strongly compete for the incident light and may affect the 
photophysical characterization of AuNP-fluorophore systems. Physically separating AuNPs 
and fluorophores while maintaining the optical path in a two-chambered cuvette showed that 
the mere presence of AuNPs in solution reduces the amount of light available for the 
fluorophores.  
- The photophysics of AuNP-fluorophore systems can be drastically affected by other 
physical and chemical phenomena other than fluorescence modulation. The surface of the 
AuNPs was demonstrated to modify the absorption spectra of fluorophores on their surface. 
SAMSA was shown to change its spectrum due to a local pH effect at the surface of the 
AuNPs, Rhodamine B suffers multimodal coupling of optical transitions with the LSPR and 
Rhodamine 101 changes its absorption spectrum dramatically.  
- Scattered light absorption may play an influential role in this interaction. Scattered 
light is about 4200 times more intense at the surface than at the average distance in the used 
conditions. The designed experimental approach is based on the assumption that reference 
molecules and samples are in the same optical conditions. However, the effect of the dilution 
of the light scattered from the AuNP with distance was not accounted for. Even considering 
that the scattered light is only one of the sources of light available to the fluorophores, the 
presented simulation on the matter questions whether the increase of the radiative rate 
constant does in fact occur. The simulated dilution factor is about 717 times larger than the 
increase in the measured radiative constant.  
142 
 
- Despite the setbacks, the method developed during this thesis allowed for the 
determination of a radiative enhancement (kr’), directly dependent on the kr and the amount of 
light reaching each fluorophores, and knr’. Both radiative and non-radiative phenomena are 
involved in the observed fluorescence modulation. 
- The effect of distance on the modulation caused by the AuNPs on the fluorescence of 
5-FAM was determined to be dependent on r
6
. Both ΦF and τ variation showed a better fitting 
into an r
6 
distance dependence to the surface of the AuNP than into an r
4
 distance dependence 
to the centre of the AuNP. This behaviour is closer to the one observed in a typical FRET 
mechanism than to the SET mechanism proposed in literature. A simulation on the effect of 
scattered light in kr and knr reinforces the relevance of taking into account the light scattered 
back from the nanoparticles. 
One of the main conclusions of this work is that AuNP-fluorophores systems are more complex than 
just the metallic surface interaction with the fluorophore. Most of the literature on this topic is usually 
based on theoretical models that consider the electromagnetic interaction between the plasmonic band 
of the AuNPs and the fluorophores but disregard that AuNPs are more than just a metallic core. The 
importance of the theoretical models is not questionable but the transition to practical application 
clearly requires a careful experimental characterisation of each system. The work described 
throughout this thesis incites a consideration on what is indeed being measured when studying AuNP-
fluorophore systems. All the unexpected phenomena that were described can effectively mislead the 
interpretation of collected data if not taken into account. The presence of AuNPs filters the light 
available to the fluorophores in the sample even without physical contact. Also, the fluorophores that 
directly interacted with the surface of the AuNPs changed their absorption spectra due to interactions 
with the AuNPs that are unrelated with the photophysical modulation induced by the metallic surface. 
All these phenomena can directly influence the determination of ΦF and, consequently, kr and knr.  
It is must be stressed that all of fluorophores appear to interact due to different causes, such as pH 
effects, coupling of the oscillator with the optical transition of the fluorophore and apparent 
fluorophore aggregation. This idea suggests that each fluorophore may interact differently with each 
set of AuNPs and that every combination of fluorophores and AuNPs may result in an unexpected 
interaction between them. Unfortunately, all the tested fluorophores were non-photophysically 
affected by the AuNPs and a direct characterisation could not be performed.  
Despite the breakthroughs, some issues were not successfully tackled. The contribution of light 
intensity could not be split from kr. The inability to effectively quantify the contribution of scattering 
allowed only the determination of a measurable constant (kr’) that contains both kr and incident light 
intensity. In what concerns the understanding of the system in terms of photophysical modulation this 
represents a major setback that could not be experimentally countered. The fact that kr’ of a molecule 
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increases when in presence of the AuNPs still does not clarify whether this increase is in fact an 
increase in the emission rate or merely an increase in the number of photons that reach the 
fluorophores. Nonetheless, the increase in kr’ represents the potential of increasing emissivity of a 
molecule by placing it in the vicinity of a nanosurface. This is even more relevant considering that the 
growth observed in knr’ is two orders of magnitude higher than the one observed in kr’. 
The nature of the LSPR in the AuNP-fluorophore interaction is crucial. Not only the position and 
intensity of the LSPR peak is a major factor in the energy transfer mechanism, but whether the 
scattering component or the absorption component are predominant is also very important. The optical 
interference caused by the AuNPs would also be affected. The data obtained in this work supports the 
idea that the absorption component is the cause for the quenching in fluorescence and the scattering 
component is associated to the measurable enhancement. A change in AuNP size, shape or 
composition would change the LSPR band and, consequently, change the interaction with a 
fluorophore. One can speculate that a drastic increase in the AuNPs’ size could result in the 
predominance of the scattering component which could lead to a more noticeable enhancement. On 
the contrary, a decrease in the AuNPs’ size would reinforce the absorption component predominance 
and which should result in an even more extensive quenching.   
The experiments with fluorophores at different distances allowed for the determination of the distance-
dependence rule of the studied system. With the used AuNPs and fluorophore the system varied its 
fluorescence with r
6
, similarly to what happens in FRET. One possible evaluation of this result is that 
the AuNPs are not big enough for the fluorophore to interact with them as a nanosurface but rather as 
a dipole. Adding to all the mentioned effects, increasing the AuNPs size could also result in a change 
of the nature of the interaction between AuNPs and fluorophores as the AuNPs could start behaving as 
a nanosurface. 
The use of AuNPs to measure distances with energy transfer mechanisms could improve the range of 
distances that can be measured. The results presented in this thesis indicate that with this set of AuNPs 
and fluorophores distances in the range of 50-140Å can be measured. This range is complementary to 
the one usually obtained with typical FRET pairs and, if explored and optimized correctly, could 
provide an important tool to measure distance in biologic environments. 
An initial approach to the development of a nanobiophotonics sensor was attempted. The results 
obtained during this work allowed the acknowledgment that, with proper corrections, the observed 
emission variation could be used by itself for the development of a detection system for nucleic acids. 
The use of DNA hairpin-structure offered a system that would be more quenched in the absence of a 
complementary target and less quenched in its presence, allowing for positive/negative discrimination. 
The used Au-nanobeacons were capable of semi-quantitatively recognizing specific complementary 
sequences. Moreover, by using a second Au-nanobeacon it was also possible to create a dual colour 
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system capable of quantify transcription and the level of inhibition in a single reaction vial. The 
described Au-nanobeacon biosensor allows for fast, accurate and sensitive RNA transcript expression 
profiling. An interesting feature of this sensor is that the probes do not generate a signal from 
unrelated nucleic acids and polymerase activities can be distinguished from promoter-specific RNA 
polymerization. The simplicity and speed of the sensor are also great advantages. 
This system evolved to an in situ approach where a new and versatile concept for genes specific 
silencing was devised. In this case, the Au-nanobeacons also allowed for intracellular tracking of the 
silencing events. A significant attribute of these Au-nanobeacons is the ability to hybridise to 
endogenous and exogenous nucleic acids with noticeably small amounts of Au-nanobeacons and 
without chemical co-transfectants. This extraordinary efficiency without adverse side effects is 
probably due to the fact that each nanoparticle is functionalised with several oligonucleotides.  
The use of Au-nanobeacons for detection and silencing is simple, inexpensive and straightforward as 
adjustment to any specific target, be it a specific mRNA or an endogenous or exogenous silencing 
nucleic acid, can be easily made simply by changing the sequence of the oligonucleotide used to 
functionalise the AuNPs. The presence of AuNPs confer resistance to nuclease degradation, these 
sensors may be used to follow gene silencing in vivo, thus providing additional information to assist 
modelling of actual gene therapy protocols. 
Finally, the possibility of silencing the silencers and of discriminating specific cells, where silencing is 
occurring, offers future prospects for studying and modulating cellular mechanisms involved in 
cancer. Combination of Au-nanobeacons with other chemical functionalisations, e.g. targeting 
moieties, may enhance the therapeutic potential of this concept. 
 
As often occurs in science, more answers lead to more questions. All of the proposed objectives were 
addressed but there is a lot more to know about nanoparticle-fluorophore systems. The aforementioned 
issues about the importance of scattering and absorption components in the plasmonic bands of the 
AuNPs raise questions on the nature of nanoparticle-fluorophore interactions. Is there a real 
enhancement or is it an increase in absorbed light? Can the energy transfer be reduced without losing 
the enhancement factor? It is clear that more experiments using different AuNPs sizes and 
fluorophores in other regions of the spectrum would be central in the comprehension of the 
nanoparticle-fluorophore interaction. Using different materials for the synthesis of the nanoparticles 
may also help in the understanding of the system. 
The usefulness of Au-nanobeacons for diagnostics in vitro and in situ was clearly demonstrated. The 
natural course of this research envisions the possibility of using Au-nanobeacons in full organisms. A 
full theranostics approach can result from these systems. By combining the demonstrated proficiency 
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in target detection with the potential therapeutic approach may result in a tool that effectively 
modulates nucleic acid pathways and simultaneous provides a signal that localises the event. The span 
of targets that can be chosen is endless which can transform the Au-nanobeacons approach into a 
valuable technique not only as an actual theranostics vessel but also a biological and biotechnological 
research tool.   
A different perspective provides a future sight into other applications. The combination of molecules 
with nanosurfaces is not exclusive to the fluorescence modulation or nanodiagnostics. The interaction 
of Rhodamine 101 demonstrated that AuNPs can provide the conditions to facilitate other reactions. If 
the modulation of the rate constants involved in the several photophysical phenomena of a molecule 
can be properly understood, it is possible that AuNPs can be used to modulate photochemical reactions 
as well. More importantly, it is possible that AuNPs can be used to modulate how light interacts with 
molecules, i.e., changing radiative rate constants, increasing amount of light absorbed by neighbour 
molecules, which could result in more controlled and efficient photochemical reactions or brighter 
emission. 
In summary, this thesis has successfully achieved its objectives by providing important information on 
the modulation of fluorescence induced by AuNPs. An experimental method was developed and 
successfully applied, allowing a closer understanding to how AuNPs influence nearby molecules, not 
only photophysically but also chemically. A nanodiagnostics system was successfully designed and 
tested in vitro and in situ and may pave the way for a new era of nanotheranostics approaches. There is 
still a lot to understand and explore about AuNP-DNA-fluorophore systems and I hope that the work 
here presented can contribute to a clearer and more comprehensive study in the field. 
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APPENDICES 
APPENDIX I 
 WT1–KTS mRNA (isoform A) 
>gi|309951094|ref|NM_000378.4| Homo sapiens Wilms tumor 1 (WT1), transcript variant A, mRNA 
AGCUGGGGUAAGGAGUUCAAGGCAGCGCCCACACCCGGGGGCUCUCCGCAACCCGACC
GCCUGUCCGCUCCCCCACUUCCCGCCCUCCCUCCCACCUACUCAUUCACCCACCCACCC
ACCCAGAGCCGGGACGGCAGCCCAGGCGCCCGGGCCCCGCCGUCUCCUCGCCGCGAUCC
UGGACUUCCUCUUGCUGCAGGACCCGGCUUCCACGUGUGUCCCGGAGCCGGCGUCUCA
GCACACGCUCCGCUCCGGGCCUGGGUGCCUACAGCAGCCAGAGCAGCAGGGAGUCCGG
GACCCGGGCGGCAUCUGGGCCAAGUUAGGCGCCGCCGAGGCCAGCGCUGAACGUCUCC
AGGGCCGGAGGAGCCGCGGGGCGUCCGGGUCUGAGCCGCAGCAAAUGGGCUCCGACGU
GCGGGACCUGAACGCGCUGCUGCCCGCCGUCCCCUCCCUGGGUGGCGGCGGCGGCUGU
GCCCUGCCUGUGAGCGGCGCGGCGCAGUGGGCGCCGGUGCUGGACUUUGCGCCCCCGG
GCGCUUCGGCUUACGGGUCGUUGGGCGGCCCCGCGCCGCCACCGGCUCCGCCGCCACCC
CCGCCGCCGCCGCCUCACUCCUUCAUCAAACAGGAGCCGAGCUGGGGCGGCGCGGAGC
CGCACGAGGAGCAGUGCCUGAGCGCCUUCACUGUCCACUUUUCCGGCCAGUUCACUGG
CACAGCCGGAGCCUGUCGCUACGGGCCCUUCGGUCCUCCUCCGCCCAGCCAGGCGUCAU
CCGGCCAGGCCAGGAUGUUUCCUAACGCGCCCUACCUGCCCAGCUGCCUCGAGAGCCA
GCCCGCUAUUCGCAAUCAGGGUUACAGCACGGUCACCUUCGACGGGACGCCCAGCUAC
GGUCACACGCCCUCGCACCAUGCGGCGCAGUUCCCCAACCACUCAUUCAAGCAUGAGG
AUCCCAUGGGCCAGCAGGGCUCGCUGGGUGAGCAGCAGUACUCGGUGCCGCCCCCGGU
CUAUGGCUGCCACACCCCCACCGACAGCUGCACCGGCAGCCAGGCUUUGCUGCUGAGG
ACGCCCUACAGCAGUGACAAUUUAUACCAAAUGACAUCCCAGCUUGAAUGCAUGACCU
GGAAUCAGAUGAACUUAGGAGCCACCUUAAAGGGCCACAGCACAGGGUACGAGAGCGA
UAACCACACAACGCCCAUCCUCUGCGGAGCCCAAUACAGAAUACACACGCACGGUGUC
UUCAGAGGCAUUCAGGAUGUGCGACGUGUGCCUGGAGUAGCCCCGACUCUUGUACGGU
CGGCAUCUGAGACCAGUGAGAAACGCCCCUUCAUGUGUGCUUACCCAGGCUGCAAUAA
GAGAUAUUUUAAGCUGUCCCACUUACAGAUGCACAGCAGGAAGCACACUGGUGAGAAA
CCAUACCAGUGUGACUUCAAGGACUGUGAACGAAGGUUUUCUCGUUCAGACCAGCUCA
AAAGACACCAAAGGAGACAUACAGGUGUGAAACCAUUCCAGUGUAAAACUUGUCAGCG
AAAGUUCUCCCGGUCCGACCACCUGAAGACCCACACCAGGACUCAUACAGGUGAAAAG
CCCUUCAGCUGUCGGUGGCCAAGUUGUCAGAAAAAGUUUGCCCGGUCAGAUGAAUUAG
UCCGCCAUCACAACAUGCAUCAGAGAAACAUGACCAAACUCCAGCUGGCGCUUUGAGG
GGUCUCCCUCGGGGACCGUUCAGUGUCCCAGGCAGCACAGUGUGUGAACUGCUUUCAA
170 
 
GUCUGACUCUCCACUCCUCCUCACUAAAAAGGAAACUUCAGUUGAUCUUCUUCAUCCA
ACUUCCAAGACAAGAUACCGGUGCUUCUGGAAACUACCAGGUGUGCCUGGAAGAGUUG
GUCUCUGCCCUGCCUACUUUUAGUUGACUCACAGGCCCUGGAGAAGCAGCUAACAAUG
UCUGGUUAGUUAAAAGCCCAUUGCCAUUUGGUGUGGAUUUUCUACUGUAAGAAGAGC
CAUAGCUGAUCAUGUCCCCCUGACCCUUCCCUUCUUUUUUUAUGCUCGUUUUCGCUGG
GGAUGGAAUUAUUGUACCAUUUUCUAUCAUGGAAUAUUUAUAGGCCAGGGCAUGUGU
AUGUGUCUGCUAAUGUAAACUUUGUCAUGGUUUCCAUUUACUAACAGCAACAGCAAG
AAAUAAAUCAGAGAGCAAGGCAUCGGGGGUGAAUCUUGUCUAACAUUCCCGAGGUCA
GCCAGGCUGCUAACCUGGAAAGCAGGAUGUAGUUCUGCCAGGCAACUUUUAAAGCUCA
UGCAUUUCAAGCAGCUGAAGAAAAAAUCAGAACUAACCAGUACCUCUGUAUAGAAAUC
UAAAAGAAUUUUACCAUUCAGUUAAUUCAAUGUGAACACUGGCACACUGCUCUUAAG
AAACUAUGAAGAUCUGAGAUUUUUUUGUGUAUGUUUUUGACUCUUUUGAGUGGUAAU
CAUAUGUGUCUUUAUAGAUGUACAUACCUCCUUGCACAAAUGGAGGGGAAUUCAUUU
UCAUCACUGGGAGUGUCCUUAGUGUAUAAAAACCAUGCUGGUAUAUGGCUUCAAGUU
GUAAAAAUGAAAGUGACUUUAAAAGAAAAUAGGGGAUGGUCCAGGAUCUCCACUGAU
AAGACUGUUUUUAAGUAACUUAAGGACCUUUGGGUCUACAAGUAUAUGUGAAAAAAA
UGAGACUUACUGGGUGAGGAAAUCCAUUGUUUAAAGAUGGUCGUGUGUGUGUGUGUG
UGUGUGUGUGUGUGUGUGUUGUGUUGUGUUUUGUUUUUUAAGGGAGGGAAUUUAUUA
UUUACCGUUGCUUGAAAUUACUGUGUAAAUAUAUGUCUGAUAAUGAUUUGCUCUUUG
ACAACUAAAAUUAGGACUGUAUAAGUACUAGAUGCAUCACUGGGUGUUGAUCUUACA
AGAUAUUGAUGAUAACACUUAAAAUUGUAACCUGCAUUUUUCACUUUGCUCUCAAUU
AAAGUCUAUUCAAAAGGAAAAAAAAAAAAA 
 
WT1+KTS mRNA (isoform F) 
>gi|309951098|ref|NM_001198552.1| Homo sapiens Wilms Tumor 1 (WT1), Transcript variant F, 
mRNA 
AGGCGCUUUCACCACUGCCCCUCCCGGGGGGACCUGAAGGAGAGGGUUUGAGGCCGGU
CUUUGCCCGCCGAGGUCUGCGUGUCCGGUCUGGGAGGAGGCCUAGGAGGGCUCGCGGG
CCACGGGCAUCCUUGGGCCCGAGUUCUGGGGUGCGGACGGACGUCUCGAGAGUGGGUG
CCGCGACUCGGGACCCACGGCCCUCGCCGGGCACGGACAGUUGCGGAGCAGGGCUCUG
AGGAUUGUGCAGUGCCCUGGGUCCCUGCCUACUCCUGGGCUCAGGAAUGGAGAAGGGU
UACAGCACGGUCACCUUCGACGGGACGCCCAGCUACGGUCACACGCCCUCGCACCAUG
CGGCGCAGUUCCCCAACCACUCAUUCAAGCAUGAGGAUCCCAUGGGCCAGCAGGGCUC
GCUGGGUGAGCAGCAGUACUCGGUGCCGCCCCCGGUCUAUGGCUGCCACACCCCCACC
GACAGCUGCACCGGCAGCCAGGCUUUGCUGCUGAGGACGCCCUACAGCAGUGACAAUU
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UAUACCAAAUGACAUCCCAGCUUGAAUGCAUGACCUGGAAUCAGAUGAACUUAGGAGC
CACCUUAAAGGGCCACAGCACAGGGUACGAGAGCGAUAACCACACAACGCCCAUCCUC
UGCGGAGCCCAAUACAGAAUACACACGCACGGUGUCUUCAGAGGCAUUCAGGAUGUGC
GACGUGUGCCUGGAGUAGCCCCGACUCUUGUACGGUCGGCAUCUGAGACCAGUGAGAA
ACGCCCCUUCAUGUGUGCUUACCCAGGCUGCAAUAAGAGAUAUUUUAAGCUGUCCCAC
UUACAGAUGCACAGCAGGAAGCACACUGGUGAGAAACCAUACCAGUGUGACUUCAAGG
ACUGUGAACGAAGGUUUUCUCGUUCAGACCAGCUCAAAAGACACCAAAGGAGACAUAC
AGGUGUGAAACCAUUCCAGUGUAAAACUUGUCAGCGAAAGUUCUCCCGGUCCGACCAC
CUGAAGACCCACACCAGGACUCAUACAGGUAAAACAAGUGAAAAGCCCUUCAGCUGUC
GGUGGCCAAGUUGUCAGAAAAAGUUUGCCCGGUCAGAUGAAUUAGUCCGCCAUCACAA
CAUGCAUCAGAGAAACAUGACCAAACUCCAGCUGGCGCUUUGAGGGGUCUCCCUCGGG
GACCGUUCAGUGUCCCAGGCAGCACAGUGUGUGAACUGCUUUCAAGUCUGACUCUCCA
CUCCUCCUCACUAAAAAGGAAACUUCAGUUGAUCUUCUUCAUCCAACUUCCAAGACAA
GAUACCGGUGCUUCUGGAAACUACCAGGUGUGCCUGGAAGAGUUGGUCUCUGCCCUGC
CUACUUUUAGUUGACUCACAGGCCCUGGAGAAGCAGCUAACAAUGUCUGGUUAGUUAA
AAGCCCAUUGCCAUUUGGUGUGGAUUUUCUACUGUAAGAAGAGCCAUAGCUGAUCAU
GUCCCCCUGACCCUUCCCUUCUUUUUUUAUGCUCGUUUUCGCUGGGGAUGGAAUUAUU
GUACCAUUUUCUAUCAUGGAAUAUUUAUAGGCCAGGGCAUGUGUAUGUGUCUGCUAA
UGUAAACUUUGUCAUGGUUUCCAUUUACUAACAGCAACAGCAAGAAAUAAAUCAGAG
AGCAAGGCAUCGGGGGUGAAUCUUGUCUAACAUUCCCGAGGUCAGCCAGGCUGCUAAC
CUGGAAAGCAGGAUGUAGUUCUGCCAGGCAACUUUUAAAGCUCAUGCAUUUCAAGCAG
CUGAAGAAAAAAUCAGAACUAACCAGUACCUCUGUAUAGAAAUCUAAAAGAAUUUUA
CCAUUCAGUUAAUUCAAUGUGAACACUGGCACACUGCUCUUAAGAAACUAUGAAGAUC
UGAGAUUUUUUUGUGUAUGUUUUUGACUCUUUUGAGUGGUAAUCAUAUGUGUCUUUA
UAGAUGUACAUACCUCCUUGCACAAAUGGAGGGGAAUUCAUUUUCAUCACUGGGAGU
GUCCUUAGUGUAUAAAAACCAUGCUGGUAUAUGGCUUCAAGUUGUAAAAAUGAAAGU
GACUUUAAAAGAAAAUAGGGGAUGGUCCAGGAUCUCCACUGAUAAGACUGUUUUUAA
GUAACUUAAGGACCUUUGGGUCUACAAGUAUAUGUGAAAAAAAUGAGACUUACUGGG
UGAGGAAAUCCAUUGUUUAAAGAUGGUCGUGUGUGUGUGUGUGUGUGUGUGUGUGUG
UGUGUUGUGUUGUGUUUUGUUUUUUAAGGGAGGGAAUUUAUUAUUUACCGUUGCUUG
AAAUUACUGUGUAAAUAUAUGUCUGAUAAUGAUUUGCUCUUUGACAACUAAAAUUAG
GACUGUAUAAGUACUAGAUGCAUCACUGGGUGUUGAUCUUACAAGAUAUUGAUGAUA
ACACUUAAAAUUGUAACCUGCAUUUUUCACUUUGCUCUCAAUUAAAGUCUAUUCAAAA
GGAAAAAAAAAAAAA 
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APPENDIX II 
 
 
 
 
 
 
 
 
 
Figure A1. Quantification of SAMSA@AuNPs by differential analysis. Calibration curve of 
SAMSA in phosphate buffer 10mM (pH8), 0.05% SDS (circles, y = -4.921E+14x
2
 + 6.961E+09x, 
R
2
=0.9994) and fluorescence intensities (λexc= 490 nm) measured in the supernatants of 
SAMSA@AuNP (triangles). 
 
 
 
 
 
 
 
 
 
 
Figure A2. Quantification of SAMSA@AuNPs by DTT reduction. Calibration curve of SAMSA in 
phosphate buffer 10mM (pH 8), DTT 0.1M (circles y = 6.661E+09x, R
2
=0.9927) and fluorescence 
intensities (λexc= 490 nm) measured in the supernatants of SAMSA@AuNP (triangles). 
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Figure A3. Oligonucleotides density – SNSET10, 15 and 20. Calibration curve of FAM-labeled 
oligonucleotides SNET10, 15 and 20 (from top to bottom) (circles: y=22227x-49.333, R²=0.9968; 
y=16592x-53.589, R²=0.9988; y=22914x-12.341, R² = 0.9976) and fluorescence intensities  measured 
(λexc= 490 nm) in the supernatants of the Au-nanoprobes (triangles). 
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Figure A4. Oligonucleotides density – SNSET25 and 50. Calibration curve of FAM-labeled 
oligonucleotides SNET25 and 50 (from top to bottom) (circles: y=21381x-244.74, R²=0.9998; 
y=16595x-81.473, R²=0.9976) and fluorescence intensities (λexc= 490 nm) measured in the 
supernatants of the Au-nanoprobes (triangles). 
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Figure A5. Oligonucleotides density - inhibitor Au-nanobeacon. Calibration curve of FAM-labeled 
oligonucleotide (circles, y=36090.0x
2
+9625.8x+89.7, R
2
=0.9996) and fluorescence intensities 
measured (λexc= 490 nm) in the supernatants of Au-nanobeacon (circles). A ratio of 4.96±0.66 
oligonucleotides per gold nanoparticle was calculated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1000
2000
3000
4000
0 0.05 0.1 0.15 0.2
F
lu
o
re
s
c
e
n
c
e
 I
n
te
n
s
it
y 
(a
.u
.)
 
[oligo] (μM) 
176 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A6. PEG coverage of AuNP surface. (a) Absorbance spectra of DTNB after reaction with the 
thiolated PEG. (b) Standard calibration curve for PEG chains, whose concentration can be calculated 
via the following equation Abs412nm = 26.034x [PEG, mg/mL] + 0.0627. (c) Variation of the excess 
of PEG thiolated chains as a function of the initial concentration in the incubation with 10 mM 
AuNPs. The dashed vertical line indicates the 100% saturation, i.e., the PEG concentration above 
which no more PEG can be bonded to the AuNPs’ surface. 
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Figure A7. Oligonucleotides density – antisense, anti-siRNA and non-complementary Au-
nanobeacons. Calibration curve of cy3-labeled oligonucleotides used in the synthesis of the antisense 
(circles, y = 5348.86x + 66.75, R
2
=0.9996), anti-siRNA (circles, y = 9570.18x + 510.09, R
2
=0.9997) 
and non-complementary (circles, y = 8615.91x + 1053.73, R
2
=0.9961) Au-nanobeacons; and 
fluorescence intensities (λexc= 530 nm)  measured in the supernatants of Au-nanobeacon (triangles). A 
ratio of 4.96 ± 0.66 oligonucleotides per gold nanoparticle was calculated. 
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Figure A8. Oligonucleotides density – anti-miR21 Au-nanobeacon. Calibration curve of cy3-
labeled oligonucleotides used in the synthesis of the anti-miR21 (circles, y = 10340.00x + 158.73, 
R2=0.9998) Au-nanobeacon and fluorescence intensities (λexc= 490 nm) measured in the supernatants 
of Au-nanobeacon (triangles). A ratio of 4.96±0.66 oligonucleotides per gold nanoparticle was 
calculated. 
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Figure A9. DLS measurement. DLS measurement of a sample of AuNPs. 
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Table A1. Quantification of the PEG chains and beacon for all Au-nanobeacons, together with 
DLS and Zeta-potential measurements. 
 
 
  
Au-nanobeacons 
PEG 
chains/NP 
Hairpin DNA 
(Beacons)/NP 
DLS 
Diameter 
(nm) 
Zeta 
Potential 
(mV) 
antisense Au-nanobeacon 190.29 ± 19.56 57.87 ± 3.92 
33.95 ± 
7.10 
-36.53 ± 1.24 
anti-siRNA Au-
nanobeacon 
190.29 ± 19.56 30.78 ± 4.84 
40.77 ± 
4.42 
-37.73 ± 1.34 
anti-miR Au-nanobeacon 190.29 ± 19.56 33.04 ± 2.99 
52.65 ± 
8.08 
-21.87 ± 1.41 
nonsense Au-nanobeacon 190.29 ± 19.56 31.64 ± 3.49 
34.86 ± 
1.21 
-33.76 ± 2.37 
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To mimic the behaviour in the intra-cellular milieu, 1 nM of the Anti-miR-21 Au-nanobeacon was 
incubated with 5, 10 and 100 mM of DTT (Sigma-Aldrich) at 37°C for up to 24 h. Fluorescence 
intensity was measured in a PerkinElmer LS45 Fluorescence Spectrometer (Varian) using an Ultra-
Micro quartz cell (Hëllma) programmed to incubate the reactions for 1440 min (24 hours) at 37°C at 
15 minutes intervals (excitation/emission, 530 nm/560 nm). 
 
Figure A10. Au-nanobeacon behaviour in presence of increasing concentration of DTT 
(reducing agent). The anti-miR Au-nanobeacon was incubated with 5 mM (physiological 
concentration), 10 mM and 100 mM of DTT, at 37ºC during 24 hours, and fluorescence plotted as 
function of time. The curves show that for concentrations of reducing agent between 5 and 10 mM, the 
Au-nanobeacon remains in its closed conformation, which demonstrate that, under physiologic 
intracellular conditions, observable Au-nanobeacon fluorescence is solely due to hybridization to 
specific target. 
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APPENDIX III 
 
Recovery of EGFP expression by ssRNA anti-antisense Au-nanobeacon 
 
 To evaluate EGFP recovery, 30 nM of ssRNA complementary to the Antisense Au-
nanobeacon was added to the media together with 30 nM of the Au-nanobeacon with several delays of 
incubation (0.5, 1, 3, 6 and 24 hours). After 48 hours, EGFP fluorescence was evaluated as for the 
silencing experiments. Expression of the EGFP was confirmed by qRT-PCR analysis of transfected 
HCT-116 cells using -actin as reference. Evaluation of EGFP recovery in bulk cell lysates following 
Antisense Au-nanobeacon silencing was performed by addition of 30 nM of anti-antisense ssRNA to 
the cell media with 30 nM of antisense Au-Nanobeacon at several delays of incubation (0.5, 1, 3, 6 
and 24 hours). Bioactivity of anti-antisense ssRNA oligo was compared to that of a nonsense ssRNA 
oligo.  
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Figure A11. Recovery of EGFP expression by ssRNA anti-antisense Au-nanobeacon.  Evaluation 
of EGFP recovery by (a,b) qRT-PCR and (c) in bulk cell lysates in presence of ssRNA oligo nonsense 
(grey bars), ssRNA oligo anti-antisense Au-Nanobeacon (black bars) indicating statistically significant 
difference as calculated by Paired-Sample T-test (asterisk, P ≤ 0.05). Values are means ± s.d. from 3 
independent experiments. Confocal imaging (scale bar, 10 µm) show EGFP recovery at (d) 1 and (e) 
24 hours delay incubation. (f) blocking of Antisense Au-nanobeacon by ssRNA oligomer is 
corroborated by the relative fluorescence intensity of Au-nanobeacons (Cy3, black bars) and EGFP 
(white bars) after individual colour channel analysis of the same confocal images using ImageJ 
software. 
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Acute cytotoxicity evaluation by the MTT assay 
Living cells’ enzymes cleave the tetrazolium salts from the MTT reagent to yield formazan, which 
directly correlates to the number of metabolically active cells in culture. An expansion in the number 
of viable cells results in an increase in the overall activity of mitochondrial dehydrogenases, thus 
increasing the formation of formazan dye.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A12. Cytotoxicity evaluation of the biomolecular assemblies administered to culture cells. 
Cytotoxicity evaluation of all biomolecular assemblies administered to human colorectal cancer cells 
(HCT-116 cell line) in the present study via the MTT assay at 48 (a) and 72 hours (b) of exposure. 
Negligible influence in cell viability is observed for all assemblies tested when compared to untreated 
cells (black bar). 
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APPENDIX IV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A13. Quantification of the number of strands hybridised to WT1 Au-nanobeacon. 
Calibration curves of cy5-labeled oligonucleotides used in thedetermination of the number of strands 
hybridised to WT1 Au-nanobeacon in presence of WT1+KTS (circles, y = 33198.161x + 895.48, 
R
2
=0.9943), WT1-KTS (circles, y = 21935.67x + 618.30, R
2
=0.9968) and NEG2 (circles, y = 
32343.26x + 549.55, R
2
=0.9992), from top to bottom; and fluorescence intensities (λexc= 650 nm)  
measured in the supernatants of Au-nanobeacon (triangles). 
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APPENDIX V 
 
 
 
 
 
 
 
 
 
 
Figure A14. Titration of Rh101. Titration of Rh101 with citrate within a pH range of 5 to 8. 
 
 
